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X.l.l.l.E  -  MULTIPATH,  SHADOWING  AND  TERRAIN 
1.  Introduction,  Summary  ana  Conclusions. 

The  signal  reflections  (multipath)  and  signal  shadowing  by  obsta¬ 
cles  on  the  airport  may  cause  serious  problems  for  a  microwave 
landing  system  (MLS).  These  problems  have  been  addressed,  based 
on  a  detailed  review  of  airport  layouts,  and  the  methods  for  their 
resolution  in  the  Doppler  MLS  are  presented  in  this  Chapter. 

Those  studies  are  summarized  below  and  detailed  discussion  follow.-.;. 
The  effects  of  ground  reflection  and  of  propagation  in  the  atmos¬ 
phere  are  included  in  Chapters  l.l.l.l.C  and  l.l.l.l.F  respectively. 

The  Hazeltine  baseline  system  adds  to  the  basic  Doppler  MLS  some 
features  for  greatly  reducing  the  multipath  problem  with  simpli¬ 
city  in  transmitter  and  receiver.  This  study  has  contributed  the 
understanding  and  analytical  tools  which  enable  an  adequate  analy¬ 
sis  of  the  problem  and  evaluation  of  multipath  errors  before  and 
after  reduction  by  the  va  ious  features  considered.  In  particular, 
the  residual  errors  on  a  centerline  approach  are  reliably  reduced 
to  be  well  within  tolerances  in  azimuth  (A7.)  angle  and  negligible 
in  elevation  (EL-1  and  EL-2)  angle. 

This  chapter  is  directed  to  the  most  demanding  application  of  MLS, 
the  K  configuration  on  a  long  runway. 

The  Airport  Runway  Environment.  Figure  6-1  shows  the  airport  run¬ 
way  environment.  Two  regions  on  the  airport  can  be  described  which 
have  special  signified!  ce  for  a  landing  system. 
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The  first,  shown  in  Figure  6-1 (a),  is  the  area  away  from  the  runway 
centerline,  where  a  large  hangar  or  other  building  may  cause  a  cone 
of  deep  shadow  and  a  cone  of  strong  reflection.  These  cones  may  or 
may  not  be  high  enough  to  include  the  flight  path.  The  deep  shadow 
is  a  problem  inherent  in  any  microwave  system  using  a  low  (AZ)  an¬ 
tenna  for  wide-angle  coverage  (far  from  centerline);  this  problem 
will  receive  little  attention  in  this  chapter,  other  than  identi¬ 
fying  its  cone  of  influence. 

The  second,  shown  in  Figure  6-l(b),  is  the  area  near  the  runway 
centerline,  which  is  free  of  any  large  fixed  obstacle  capable  of 
causing  a  deep  shadow  or  a  strong  reflection.  Here  the  primary 
concern  is  any  other  aircraft  intervening  between  the  AZ  trans¬ 
mitter,  and  the  approaching  aircraft  (receiver).  Such  an  aircraft 
may  cause  a  momentary  (1  sec)  partial  blocking  on  takeoff  over  the 
transmitter,  or  more  persistent  partial  blocking  while  on  the 
runway.  Neither  case  is  a  deep  shadow. 


Not  shown  is  the  reflection  from  the  tail  fin  of  a  large  aircraft 
on  the  taxiway  parallel  to  the  runway.  This  is  a  matter  of  concern 
if  located  near  the  threshold.  Its  reflection  is  greatly  reduced 
by  the  convex  curvature  of  its  face.  If  the  same  were  located  near 
the  other  end  of  the  runway,  the  partial  blocking  or  reflection 
of  the  AZ  signal  is  of  little  concern. 

The  metal  doors  of  a  large  hangar  comprise  the  most  effective  re¬ 
flector.  The  reflection  is  reduced  somewhat  if  the  doors  are  cor¬ 
rugated,  which  rs  typical  of  the  largest  hangars  of  recent 
construction . 

The  Doppler  MLS  offers  a  special  feature,  the  instant  comparison 
of  direct  and  indirect  signals  in  a  multipath  situation.  The  re¬ 
ceiver  is  able  to  select  the  stronger  (direct)  signal  if  their 
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amplitude  difference  exceeds  the  noise  level,  which  is  very  law  in 
a  critical  region.  The  selection  is  based  on  "capture"  in  a 
limiter,  as  will  be  reviewed,  and  does  not.  rely  on  any  amplitude 
measurement  or  memory.  This  benefit  results  from  simultaneous 
radiation  of  frequency  coding  over  the  entire  angle  range  in  a  cov¬ 
erage  sector.  Incidental  to  this  format,  any  reflected  (indirect) 
signal  (multipath)  is  received  with  the  direct  signal,  but  visually 
on  a  different  frequency  corresponding  to  a  different  angle  of 
radiation . 


The  Ham]  tine  approach  is  to  reduce  the  multipath  problem  by  space - 
pattern  and  frequency-band  pro  fi  It.ering  ahead  of  the  limiter.  A 
thoughtful  analysis  of  t lie  environment  problem  lias  led  to  a  simple 
plan  tor  such  prefiltering,  one  based  on  antenna  design  and  a  few 
fixed  filters  from  which  a  selection  is  made  by  simple  and  reliable 
logic.  Each  is  tailored  to  the  principal  problem  of  the  environ¬ 
ment  for  each  function  (A2  et  al ) ,  so  that  the  most  protection  (all 
that  appears  to  be  needed)  is  obtained  with  moderate  complication 
and  cost.  The  prefiltering  concept  qives  added  assurance  of 
direct-signal  capture,  and  also  gives  preference  to  direct-signal 
Angle  coding.  The  proposed  patterns  arc  shown  in  Figure  6-2. 

Antenna-pattern  shaping  -  A2  carrier.  Figure  6-2 (a)  shows  pattern 
shaping  for  A2  carrier  emphasis  near  centerline.  This  gives  extra 
assurance  of  the  carrier  integrity  for  centerline  approach.  How¬ 
ever,  it  does  not  add  to  reflections  in  other  directions,  because 
there  are  no  strong  reflections  from  near  centerline.  (This  might 
be  applicable  also  to  angle-coding  sideband  radiation  in  some  type 
of  antenna,  but  not  in  general,  so  it  is  not  proposed.) 

Fixed- frequency  band  prefilters  —  A 2  angle  coding.  Figure  G  — 2 (b) 
shows,  in  space-angle  coordinates,  the  three  fixed  filters  pro¬ 
posed  for  prefiltering  of  the  angle-coding  frequencies  in  the 
receiver.  On  a  flight-path  entering  the  MLS  area  far  fx’om 
f'ut«rlinc,  the  right  or  left  half-sector  filter  is  immediately 
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switched  into  circuit.  On  entering  the  narrow  sector  at  center- 
lino,  the  narrowband  centerline  filter  is  switched  into  circuit. 

The  latter  gives  greatest  protection  of  the  direct  signal  during 
the  centerline  approach. 

The  half-sector  preiilter  is  a  feature  based  on  a  peculiarity  c£ 
the  environment.  A  reflection  from  a  hangar  on  one  side  of  the 
centerline  will  more  probably  radiate  toward  the  opposite  side. 

This  is  a  certainty  if  the  hangar  is  parallel.  Otherwise  the 
probability  is  about  2/3  and  also  a  reflection  cone  on  the  oppo¬ 
site  side  is  much  wider  and  somewhat  higher. 

Antenna -pattern  shaping  -  EL.  Figure  6-2  lc)  'nows  pattern  shaping 
for  El.  radiation  emphasis  near  centerline,  while  covering  the 
runway  near  enough  to  each  transmitter.  This  applies  to  both 
carrier  and  argie-coamg  sideDands.  In  each  case  there  is  a  major 
reduction  of  radiation  toward  a  hangar  on  either  side.  Also,  in  a 
lesser  degree,  toward  an  aircraft  on  a  taxiway.  This  feature  is 
particularly  nolprul  as  applied  to  an  EL  fan  beam,  because  there 
may  be  little  or  r.o  coding  difference  between  direct  and  indirect 
signals.  This  is  a  case  of  ''in-beam"  or  "near-beam"  multipath, 
where  signal  separation  by  angle  coding  may  be  difficult  or 
imposs ible . 

Frequency  postfiltering  in  the  time  domain.  There  are  three  forms 
of  time-domain  filtering  that  could  be  used  after  the  limiter. 

One  is  multiscan  motion  averaging,  whiih  will  be  reviewed  further. 
Another  is  the  self-tracking  digital  narrowband  postfilter.  This 
is  helpful  for  further  reduction  of  errors  from  different  angle 
coding,  but  that  may  not  be  needed  and  is  not  included  in  the  base¬ 
line  system.  The  thi M  is  the  pairing  of  samples,  which  may  be 
useful  for  smoothing  the  angle  data. 

Multiscan  motion  averaging.  This  is  inherent  in  the  Doppler  multi¬ 
scan  signal  format.  The  receiver  aircraft  motion  tends  to  reduce 
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the  residual  error  by  averaging  over  several  scans.  The  amount  of 
reduction  is  greatest  where  it  is  needed  most,  in  the  late  glide- 
slope  and  the  flareout.  It  is  particularly  helpful  in  the  FL  case 
of  in-beam  multipath,  where  the  indirect  signal  cannot  be  rejected 
on  the  basis  of  different  angle  coding. 

The  cause  of  a  multipath  error  in  angle  decoding.  Figure  6-3  is  a 
review  of  the  simplest  process  for  decoding  the  angle  in  the  re¬ 
ceiver.  In  each  scan,  the  angle  tone  is  put  through  a  limiter  and 
zero-cross ing  detector.  The  number  of  cycles  (or  half-cycles)  in 
each  scan  is  counted  arid  timed.  Over  one  multiscan,  the  counts 
and  times  are  added  for  computing  the  average  frequency.  This 
figure  shows  how  a  weaker  indirect  signal,  of  amplitude  o  times 
the  direct,  rnay  cause  a  phase  shift,  and  thereby  a  shift  in  the 
timing  of  zero-crossings.  This  may  cause  a  timing  error  as  much 
as  p/2ir  cycles  at  either  end  of  the  scan,  or  a  total  of  p/tt  cycles. 
This  places  an  upperbouna  of  p/tt  beamwidth  on  the  multipath  error 
in  decoding.  Among  the  various  features  for  error  reduction,  some 
operate  by  reducing  p  before  tne  limiter,  and  others  operate  by 
reducing  its  effect  in  the  decoding  process. 

The  multipath  error  formula,  developed  during  this  study  and  dis¬ 
cussed  in  Part  11,  is  a  major  contribution  toward  the  understanding 
and  the  evaluating  of  such  errors.  It  is  based  on  a  single  direct 
signal  and  a  single  weaker  indirect  signal.  It  includes  various 
phenomena  in  separable  form,  notably  the  multiscan  motion  averaging. 

The  residual  errors.  The  features  of  Figure  6-2,  together  with  the 
features  inherent  in  Doppler  multiscan,  tore  «T  to  leave  any 
residual  errors  well  within  tolerances  or  oven  negligible.  This 
conclusion  is  based  on  5  examples  chosen  to  represent  situations 
most  likely  to  cause  errors,  however  improbable  of  occurrence.  The 
time  profile  of  residual  errors  is  discussed  and  an  interesting 
example  is  shown  in  Figure  6-4.  This  is  regarded  as  an  extreme 
(but  not  unlikely)  situation,  and  the  error  is  well  within 
tolerances . 
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(a)  Phasor  Diagram  of  the  phase  Modulation  Caused  by  a  Weaker 
Signal  on  a  Different  Frequency. 
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Figure  6-3.  The  Fifect  of  an  Indirect  Signal  in  the 
Frequency  Decoding  of  the  Guidance  Angle. 
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(b)  Flight  Path  through  Fan  Beam  from  Tail  Fin. 
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(c)  Error  Profile  -  Samples  7  per  Sec,  4  Sec. 


(d)  Smoothed  Profile  -  Samples  Paired. 
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Figure  6-4.  Computed  F.ior  Profile,  AZ  Example/ 
Tail  Fin  Near  Threshold 
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Conclusions . 


Five  problems  are  identified  with  multipath  effects: 

(1)  The  airport  runway  environment  presents  serious  problems  for 
a  microwave  landing  system. 

(2)  A  deep  shadow  and  loss  of  signal  far  from  centerline  can  be 
caused  by  a  large  building  near  the  AZ  transmitter.  This  is 
inherent  in  a  microwave  system  using  a  low  antenna. 

(3)  Partial  blocking  of  the  AZ  signal  on  centerline  may  be  caused 
by  an  intervening  aircraft.  It  may  last  about  one  second  if 
this  aircraft  is  on  takeoff  over  the  AZ  transmitter  and  in 
this  case  it  will  have  little  effect  on  the  operation. 

(4)  Diffraction  effects,  separate  from  shadowing  and  reflection, 
appear  to  be  very  small,  and  are  further  reduced  by  the 
proposed  filtering. 

(5)  Reflection  is  the  principal  cause  of  multipath  signals.  The 
strongest  reflectors  are: 

(a)  the  metal  doors  of  a  large  hangar,  the  reflection 
usually  being  reduced  by  corrugation. 

(b)  the  tail  fin  of  a  large  aircraft,  the  reflection 
being  much  reduced  by  the  convex  curvature  of  the 
face . 
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Seven  features  of  the  Hazeltine  sytem  are  provided  to  overcome 

multipath  problems; 

(1)  Space-pattern  prefiltering  is  proposed  for  emphasis  of  radi¬ 
ation  near  centerline.  It  is  proposed  for  AZ  carrier  and 
for  the  entire  signals  of  EL-1  and  EL-2.  Each  one  gives 
extra  assurance  of  integrity  and  error  reduction  on  the 
final  approach  over  centerline. 

(2)  Fixed-frequency-band  prefiltering  in  the  receiver  is  proposed 
for  the  AZ  angle-coding  signal,  in  the  form  of  half-sector 
and  centerline  filters.  The  selection  of  the  proper  one,  at 
any  time  during  the  approach,  provides  a  reduction  of  multi- 
path  error  from  the  most  likely  causes,  particularly  during 
the  final  approach  near  centerline. 

(3)  The  motion  averaging  which  is  inherent  in  a  Doppler  multiscan 
format,  reduces  the  residual  error  near  the  threshold,  which 
is  the  most  critical  region. 

(4)  The  capture  in  the  limiter  instantly  provides  in  the  receiver 
the  most  reliable  selection  of  a  direct  signal  in  preference 
to  a  slightly  weaker  indirect  signal. 

(5)  Detection  with  a  STALO  in  the  receiver  may  be  used  as  insur¬ 
ance  against  carrier  weakness  or  contamination  and  is  planned 
to  be  implemented  in  the  "K"  feasibility  receiver. 

(6)  Other  frequency  filtering,  not  included  in  the  baseline 
system,  is  available  if  still  further  reduction  of  errors 
were  needed. 

(7)  The  baseline  system  is  expected  to  hold  the  residual  multi- 
path  errors  well  within  tolerances  in  AZ  angle  and  down  to  a 
negligible  value  in  EL  angle,  even  in  situations  chosen  to 
be  the  most  susceptible. 
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2.  The  Problem. 

In  the  MLS,  each  transmitter  radiates  frequency-coded  signals  over 
a  range  of  angles,  and  it  is  necessary  for  the  receiver  to  select 
and  to  decode  the  direct  signal.  This  must  be  accomplished  in 
spite  of  any  indirect  signals  that  may  reach  the  receiver  by  re¬ 
flection  from  objects  at  differenct  angles  from  the  transmitter, 
henca  with  different  frequency  coding. 

In  general,  a  microwave  signal  is  reflected  in  some  degree  from  a 
large  object.  In  an  airport,  this  may  be  a  hangar  or  another 
aircraft  (other  than  the  one  carrying  the  receiver) .  Therefore 
this  environment  should  be  described  in  terms  of  such  opportun¬ 
ities  for  indirect  signals  to  reach  the  receiver.  Then  it  becomes 
possible  to  plan  preventive  or  remedial  measures  such  that  the 
direct  signal  is  decoded  in  spite  of  any  indirect  signals  that  may 
be  expected. 

In  the  Doppler  MLS,  the  angle-coded  signal  comprises  a  reference 
carrier  and  an  angle-tone  sideband,  which  serve  different  but 
complementary  purposes  in  the  receiver.  They  are  radiated  con¬ 
currently  but  they  present  two  different  problems  in  the  multi- 
path  environment. 

The  carrier  is  radiated  alike  at  all  angles,  only  its  frequency 
being  utilized  in  the  receiver.  The  principal  problem  is  to 
avoid  an  interference  pattern  in  space,  where  the  received  signal 
might  suffer  from  either  of  these  two  defects: 

(a)  Amplitude  falling  below  the  required  strength. 

(b)  Phase  varying  with  receiver  motion  to  cause  excessive 
modulation  of  the  frequency. 

If  these  defects  exceed  tolerances,  the  received  carrier  may  be 
replaced  by  a  stable  local  oscillator  (STALO).  It  is  intended 
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that  the  received  carrier  be  adequate  for  performing  its  function 
as  a  frequency  reference. 

The  sideband  is  radiated  at  a  frequency  coded  for  the  angle  of 
radiation.  The  problem  is  to  select  the  strongest  (direct)  signal 
and  then  to  measure  its  frequency  in  spite  of  any  weaker  (indirect) 
signals  reaching  the  receiver-  More  specifically,  these  are  the 
principal  considerations. 

(a)  Keep  the  amplitude  ratio  of  indirect/direct  signals  below 
unity  by  a  sufficient  margin. 

(b)  Reduce  the  interference  from  indirect  signals  radiated  at 
different  angles  and  frequencies. 

Since  the  siu'oand  carries  the  angle  information,  there  is  no  sub¬ 
stitute  for  its  proper  reception  and  decoding. 

The  requirements  relative  to  the  runway  centerline.  Each  MLS 
installation  is  associated  with  a  runway  and  there  are  two  levels 
of  performance  that  are  related  to  receiver  location  in  an  approach 
flight  path. 

(a)  Near  the  centerline,  the  highest  accuracy  and  integrity  are 
needed  for  the  glide  slope,  flareout  and  touchdown. 

(b)  Far  from  centerline,  whatever  accuracy  is  needed  for  air¬ 
craft  separation  and  guidance  to  the  centerline. 

Therefore  special  attention  will  be  given  to  (a)  while  obtaining 
an  economical  and  reliable  compromise  for  (b) .  For  example, 
shadowing  by  a  large  hangar  would  be  avoided  near  the  centerline, 
so  this  problem  would  not  exist. 

With  these  considerations  in  view,  the  airport  environment  will 
be  described. 


6-17 


Report  10926 


3.  Obstacles  in  an  Airport. 

In  relation  to  the  guidance  system  for  one  runway,  any  object  above 
the  ground  is  potentially  a  cause  of  multipath  or  shadowing.  This 
is  inherent  in  a  microwave  system.  See  Figure  6-1.  Location,  size, 
shape  and  any  motion  are  factors  determining  the  effect  of  one 
object  on  the  coding  and  decoding  of  angle  from  one  transmitter. 

In  this  Section,  various  obstacles  will  be  described  and  classi¬ 
fied  with  respect  to  their  potential  to  cause  shadowing  and  multi- 
path  effects.  The  reflection  from  the  ground,  within  and  near  the 
runway,  is  related  mainly  to  the  transmitter  antenna  properties, 
so  it  is  not  discussed  here. 

Characteristics  of  principal  obstacles.  There  are  several  charac¬ 
teristics  of  an  obstacle  which  determine  whether  it  is  a  threat  to 
the  angle  accuracy  in  the  MLS  system.  The  principal  obstacles  may 
be  rated  in  the  following  terms,  which  will  be  discussed  in  more 

detail.  Relevant  to: _ 

Shadowing  Reflection 


(a) 

Location  relative  to  the  runway 

yes 

yes 

(b) 

Size 

yes 

yes 

(c) 

Shape  and  material 

no 

yes 

(d) 

Direction  of  reflection 

no 

yes 

The  location.  These  are  the  principal  considerations. 

(a)  Proximity  to  the  runway. 

(b)  Proximity  to  the  transmitter,  which  is  near  one  end  of  runway. 

(c)  Proximity  to  the  receiver,  which  is  near  threshold  for  a 
short  time  from  the  lower  part  of  glides  lope  to  the  touchdown. 

(d)  Angle  proximity  to  the  runway  centerline,  as  seen  from  AZ 
transmitter. 

The  size.  The  size  of  an  obstacle  has  to  be  compared  with  some 
reference,  such  as  the  following: 
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(a)  Relative,  to  the  first  zone  of  diffraction  as  determined  by 
the  wavelength  and  the  distances  from  transmitter  and 
receiver. 

(b)  Relative  to  the  distance  from  transmitter,  which  decreases 
the  angle  subtended  in  AZ  and  EL. 

In  either  case,  the  reference  size  increases  with  distance  or, 
conversely,  the  effect  of  a  certain  size  is  greater  at  a  lesser 
distance,  as  would  be  expected. 

The  shape  and  material.  An  obstacle  of  a  certain  size  has  its 
reflection  factor  decreased  by  any  of  these  properties. 

(a)  Convex  curvature,  causing  divergence  of  the  reflected  radi¬ 
ation.  This  is  typical  of  the  tail  fin  of  an  aircraft  (on 
a  taxiway) . 

(b)  Roughness,  such  as  corrugation,  causing  some  pattern  of 
divergence . 

(c)  Absorption,  reducing  the  amount  of  power  j.n  the  reflected 
radiation.  This  may  be  associated  with  openings  (windows) 
or  lossy  dielectric  building  materials  (any  except  metal) . 

These  are  all  compared  with  a  perfect  reflector,  which  is  approxi¬ 
mated  by  a  flat  smooth  metal  sheet. 

The  direction  of  reflection.  As  compared  with  a  vertical  wall 
parallel  to  the  runway,  these  departures  may  be  noted: 

(a)  Horizontal  rotation  of  the  reflector  to  an  oblique  angle. 

Some  angle  may  direct  the  reflection  into  a  sensitive  area. 

(b)  Vertical  tilt  of  the  reflector,  which  is  unlikely  for  a  flat 
wall  but  is  typical  of  the  tail  fin  of  an  aircraft  (on  a 
caxiway) .  The  tilt  of  the  latter  lifts  the  reflection  above 
the  horizontal  to  an  angle  where  it  may  not  reach  the  receiver 
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or  its  effect  may  be  transient.  (The  same  is  true  of  the 
height  of  the  lower  edge  above  ground.) 

Examples  of  principal  obstacles  to  be  considered.  In  order  to  have 
a  basis  for  evaluation  of  the  effects,  these  two  obstacles  are  de¬ 
fined  as  the  closest  and  largest  that  may  be  encountered  in  con¬ 
junction  with  a  long  runway  (14000  ft): 

(a)  A  large  hangar  with  a  vertical  wall  which  is  mostly  made  of 
corrugated  metal  doors. 

Stationary  and  predictable 
Height  «  100  ft. 

Area  -  500  *  500  ft. 

Width  of  reflecting  wall  ■  500  ft. 

Location  relative  to  runway. 

Offset  1000  ft. 

Opposite  seme  point  on  the  runway. 

(b)  A  large  aircraft  (747) .  See  Figure  6-10  below.  May  be  on  a 
taxiway  parallel  to  the  runway. 

Offset  500  ft. 

Tail  fin  (convex)  , 

Height  30  to  60  ft  from  ground. 

Width  30  ft. 

Thickness  0-4  ft. 

Radius  of  curvature  100  ft. 

May  intervene  between  T  and  R. 

Fuselage  (cylinder) , 

Diameter  22  ft. 

Length  about  200  ft. 

In  general,  the  hangar  is  expected  to  cause  the  greatest  cone  of 
shadowing  and  strong  reflection,  while  the  tail  fin  is  expected  to 
be  the  closest  reflector.  The  fuselage  is  the  main  obstacle  that 
may  intervene  during  a  centerline  flight  path. 
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Examples  of  lesser  obstacles.  The  following  obstacles  in  or  near 
an  airport  have  been  considered  but  will  only  be  listed  here. 

Their  effects  have  been  estimated  to  be  so  small  as  to  deserve 
little  or  no  further  discussion  here. 

(a)  Terrain  outside  the  airport.  (A  certain  hill  will  be 
evaluated. ) 

(b)  Large  buildings  outside  the  airport,  water  tower,  radio 
tower,  tall  chimney. 

(c)  Large  buildings  far  from  the  runway. 

(d)  Small  buildings  in  the  airport. 

(e)  Airport  surveillance  antennas. 

(f)  ILS  antennas. 

(gj  Fuel  trucks,  panel  trucks. 

Some  justification  for  this  estimation  will  be  found  in  the  next 
section . 

Motion  of  an  obstacle.  Because  the  receiver  is  moving  at  a  high 
speed  (taken  to  be  120  kt  or  200  ft/sec  during  the  approach)  it  is 
found  that  the  motion  of  any  mobile  obstacle,  such  as  another  air¬ 
craft  on  a  taxiway,  is  relatively  negligible. 
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4.  Shadowing,  Reflection  and  Diffraction. 


As  shown  in  Figure  6-1  an  obstacle  in  an  airport  may  be  associated 
with  well-defined  regions  of  shadow  acid  reflection.  In  the  shadow 
region,  the  direct  path  is  blocked  and  the  signal  at  the  aircraft 
receiver  arrives  only  by  diffraction  paths.  In  the  reflection 
region,  a  direct  path  is  accompanied  by  indirect  paths  of  both  re¬ 
flection  and  diffraction.  This  is  shown  in  Figure  6-5  in  general 
terms,  where  a  diffraction  region  is  also  defined.  The  multipath 
indirect  signal  is  the  combination  of  all  reflected  and  diffr.cted 
signals. 

For  the  MLS,  the  two  cases  that  are  most  important  are  the  blocked 
path  in  a  shadow  and  the  indirect  path  by  reflection.  Figure  6-6 
summarizes  the  various  characteristics  of  obstacles  in  the  direct 
and  indirect  paths  which  are  relevant  to  the  AZ  angle  guidance  in 
MLS.  From  these  characteristics  the  magnitude,  duration,  and 
variation  of  the  effects  on  angle  decoding  can  be  estimated. 

Shadowing,  which  is  the  result  of  blocking  of  the  direct  signal 
path,  poses  two  problems  for  the  MLS.  The  greater  problem  is  the 
predictable  reduction  in  system  coverage  caused  by  the  shadow  of 
a  large  building  near  the  transmitter.  The  lesser  problem  is  the 
momentary  blocking  caused  by  an  aircraft  on  takeoff,  or  conceiv¬ 
ably  by  its  tail  fin  while  on  a  taxiway  near  the  transmitter. 

Figure  6-7  shows  profiles  of  the  risk  of  shadowing  and  reflection 
from  buildings  on  one  side  of  a  long  runway,  for  the  AZ  radiation. 
Figure  6-8  shows  the  conceivable  shadowing  of  the  AZ  radiation  by 
a  hangar  or  tail  fin  on  the  ground  in  some  areas. 

From  these  figures,  it  is  observed  that  shadowing  by  buildings  is 
not  a  problem  in  the  region  between  the  outer  marker  and  the 
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(a)  No  shadow  near  CL. 

(b)  No  shadow  above  1°,  or  above  1500  ft  at  15  nmi. 

(c)  No  shadow  above  2°,  or  above  1500  ft  at  7.5  nmi. 

<d)  Hangar  shadow  above  2°,  or  above  1500  ft  at  7.5  nmi. 

Figure  6-8.  Shadowing  of  AZ  Radiation  by  a  Hangar  or 
Tail  Fin  on  the  Ground  in  Some  Areas 
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touchdown.  However,  a  flight  path  far  from  centerline  may  experi¬ 
ence  shadowing  from  a  large  building  or  a  tail  fin  located  near 
the  AZ  transmitter. 

There  will  be  given  a  few  examples  to  illustrate  some  relations 
that  are  relevant  to  shadowing.  Each  is  applied  to: 

AZ  radiation,  C-band,  X  =  0.2  ft. 

In  each  example,  the  size  of  the  reflecting  surface  is  compared 
with  the  diffraction  zone.  Here  we  use  the  X/8  zone,  whose  width 
is 


This  width  is  1/2  of  the  X/2  zone  width,  commonly  termed  the  first 
Fresnel  zone.  It  is  chosen  because: 

(a)  It  is  the  minimum  aperture  width  that  will  transmit  a  signal 
nearly  equal  to  the  free-space  signal. 

(b)  The  shadowing  effect  behind  the  center  of  a  strip  of  this 

width  reduces  the  signal  to  about  1/2  its  free-space  voltage. 

The  "effective  distance"  (dQ)  is  formulated  in  Figure  6-9;  it  is 

somewhat  less  than  the  lesser  of  the  distances  between  the  obstacle 

and  the  transmitter  or  receiver.  A  typical  value  is  2000  ft,  in 
which  case  the  X/8  zone  width  is  20  ft.  This  is  somewhat  smaller 
than  a  large  tail  fin  and  much  smaller  than  a  building.  It  is 
comparable  with  the  diameter  of  a  large  fuselage. 

Example  -  Shadowing  of  AZ  by  a  large  building  (such  as  a  hangar) 
located  rather  near  the  transmitter. 
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Figure  6-9.  Forward  Diffraction  fror.  Horizontal  Edge 
Downward  in  Shadow  or  Upward  in  Multipath  Region 
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Building: 

Direction  -  45°  off  centerline 
Distance  -  1500  ft  from  transmitter 
Height  -  100  ft. 

Projected  width  -  500  ft. 

Receiver  position: 

Direction  -  45°  off  centerline 
Distance  -  10  nmi  from  transmitter 
Height  -  1500  ft. 

The  decrease  in  signal  level  can  be  estimated  from  the  results  of 

the  solution  to  the  knife-edge  diffraction  problem.  The  formulas 

and  a  graph  of  signal  ratio  are  presented  in  Figure  6-9.  These 

formulas  are  valid  when  the  projected  width  of  the  building,  in  a 

plane  perpendicular  to  the  direct  line-of-sight ,  is  greater  than 

2-J\d  ,  which  is  true  here, 

o 

d  =  1500  ft. 
o 

— i//.d  =  17  ft. 

O 

b  =  62  ft. 

E/Eq  =  0.044  (-27  dB) 

Duration  about  100  sec. 

It  is  seen  that  this  building  is  close  enough  to  the  transmitter, 
to  cause  a  great  reduction  of  signal  strength  for  a  long  time. 

Computation  of  signal  in  shadow  behind  a  strip.  Figure  6-9  can  be 
used  to  evaluate  the  diffraction  signal  behind  an  aircraft  on 
takeoff  or  by  a  tail  fin  while  taxiing.  In  this  case,  the  signal 
in  the  middle  of  the  shadow  region  is  the  sum  of  two  edge-diffrac¬ 
ted  components  whose  magnitude  can  be  estimated  from  the  strip- 
diffraction  model.  For  this  model,  the  ordinate  of  the  graph  in 
Figure  6-9  is  doubled  for  a  strip  of  width  w  =  2b.  From  the  middle 
toward  either  edge,  the  signal  oscillates  between  the  difference 
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and  the  sum  of  the  two  edge  signals.  The  formulas  are  valid  if 
the  projected  length  of  the  strip,  on  a  plane  perpendicular  to 
the  direct  line-of-sight,  is  much  greater  than  its  width.  Then 
this  rule  is  found  to  be  helpful? 

If  the  strip  width  is  less  than  double  the  X/8  zone  width, 
the  signal  in  the  shadow  region  is  between  1/2  and  1/4  of 
its  value  in  free  space. 

The  reduction  by  blocking  is  negligible  if  both  width  and  projected 
length  are  less  than  one  zone  -V^d^  . 

Shadowing  by  an  intervening  aircraft.  Figure  6-10  shows  some  rele¬ 
vant  dimensions  of  a  large  aircraft.  These  are  to  be  used  in  exam¬ 
ples  of  blocking  by  an  intervening  aircraft.  Figure  6-11  shows 
some  situations  in  which  an  aircraft  A  may  intervene  between  T  and 
R,  all  three  being  over  the  centerline.  The  signal  reduction 
depends  mainly  on  the  fuselage  width  (22  ft  for  the  747)  .  This  is 
equal  to  double  the  X/8  zone  if 

dQ  =  (11) 2/0 . 2  =  600  ft. 

If  T  and  R  are  separated  by  more  than  1500  ft,  the  lesser  distance 
is  less  than  1000  ft.  Then  we  have  this  rules 

If  the  intervening  aircraft  is  more  than  1000  ft  from  the 
closer  of  T  and  R,  the  received  signal  exceeds  1/4  the 
free-space  voltage. 

Referring  to  Figure  6-11,  the  lesser  distance  would  always  exceed 
1000  ft. 

Example  -  Shadowing  of  A2  by  an  intervening  aircraft  on  takeoff. 
Figure  6-11 (b)  shows  the  shadowing  of  AZ  radiation  by  an  air¬ 
craft  on  takeoff  over  the  transmitter.  The  following  case  is 
calculated: 
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Figure  6-10.  Some  Relevant  Dimensions  of  a  Large 

Aircraft 
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(a)  Shadow  by  Aircraft  on  Glideslope. 


(b)  Shadow  by  Aircraft  on  Takeoff. 


(*)  If  separation  exceeds  3000  FT,  the  signal  in  shadow  will 
exceed  1/2  and  any  angle  error  will  be  very  small. 


Figure  6-11.  Shadowing  of  AZ  Radiation  by  an  Intervening 

Aircraft 
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Intervening  aircraft  (747)  on  takeoff: 

Direction  -  on  centerline 
Distance  -  1500  ft  from  transmitter 
Height  -  50  ft. 

Fuselage  width  -  22  ft. 

Fuselage  length  -  230  ft. 

Receiver  position: 

Direction  -  on  centerline 

Distance  -  45  Kft  from  transmitter  (at  outermarker) 
Height  -  1500  ft. 

Computations:  d  =  1500  ft. 

o 

<=  17  ft. 
w  =  2b  =  22  ft. 

E/Eq  =  1/2  to  1/4 
Duration  about  1  sec. 

This  is  not  serious,  considering  that  the  receiver  is  in  a  non- 
critical  time  in  the  flight  path  (not  too  low  or  too  far) . 

Example  -  Shadowing  by  a  large  tail  fin.  As  seen  in  Figure  6-8,, 
a  large  tail  fin  near  the  AZ  end  of  the  runway  might  cast  a 
shadow  as  high  as  a  flight  path. 

Aircraft  tail  fin  (747)  on  taxiway: 

Direction  -  20°  off  centerline 
Distance  -  1500  ft. 

Height  -  60  ft  above  ground 

(about  20  ft  above  line-of-sight) 

Width  -  30  ft  (perpendicular  to  line-of-sight) 

Receiver  position: 

Direction  -  20°  off  centerline 
Distance  -  10  nmi  from  transmitter 
Height  -  1500  ft. 
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Computational  dQ  *  1500  ft. 

*  17  ft. 
w  *  2b  -  30  ft  . 

E/EQ  =  1/2  to  1/4 
Duration  about  6  sec. 

Here  again,  this  is  not  serious,  considering  that  the  receiver  is 
in  a  noncritical  time  in  the  flight  path  (not  too  low  or  too  far) . 

From  the  examples  above,  it  appears  that  the  most  serious  shadow 
problem  is  caused  by  buildings.  This  effect  is  predictable  and 
stable  so  regions  could  be  defined  in  the  terminal  airspace  where 
MLS  receivers  would  not  be  operated.  A  secondary  and  less  pre¬ 
dictable  problem  is  the  momentary  decrease  in  signal  caused  by  an 
intervening  aircraft  near  the  transmitter,  on  takeoff  or  on 
taxiway. 

Reflection  deserves  special  attention  in  MLS.  It  is  the  multi- 
path  caused  by  radiation  from  a  transmitter  being  reflected  from 
a  large  obstacle  toward  the  receiver.  It  is  inherently  a  prob¬ 
lem  for  any  microwave  system,  especially  for  one  covering  a  wide 
angle  from  the  runway  centerline.  The  MLS  differs  from  ILS  in 
that  it  covers  a  wide  angle  in  some  applications. 

The  occurrence  of  a  reflected  signal  in  some  particular  sector 
is  indicated  in  Figures  6-1,  6-5,  6-7  and  some  to  follow.  The 
principal  reflecting  obstacles  are  exemplified  by  a  large  han¬ 
gar  near  the  runway  and  the  tail  fin  of  a  large  aircraft  on  the 
parallel  taxiway.  The  relevant  qualities  of  these  obstacles  are 
noted  above.  The  former  has  the  greater  effect,  which  occurs  in 
a  stable  and  predictable  cone  in  space.  Its  effect  is  greater 
in  AZ  radiation,  because  this  is  utilized  over  a  wide  angle. 

If  the  receiver  traverses  a  cone  of  reflection,  the  indirect 
signal  may  be  strong  enough  to  approach  the  amplitude  of 
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the  direct  (perhaps  1/2  as  great) .  Then  it  may  cause  an  error  in 
the  angle  decoding.  In  an  extreme  case,  it  is  conceivable  that  it 
might  temporarily  exceed  the  direct  and  capture  the  limiter  (as 
will  be  explained) .  The  discussion  here  is  directed  to  the  occur¬ 
rence  of  reflections  and  to  the  amplitude  ratio  of  indirect/direct 
signal  voltages  as  influenced  by  various  factors.  The  reflection 
factors  combine  to  give  a  reflection  coefficient  (p)  which  may  be 
slightly  less  or  much  less  than  unity. 


Table  6-1.  Reflection  Factors  for  Indirect  Signals. 


Reflection  Factor 

Phenomenon 

Remarks 

P1 

Path  distance. 

Distance  ratio, 
direct/indirect . 

Simple  rule. 

P2 

Surface  size. 

Relation  to  zone 
size,  diffraction. 

Surface  is  usually 
larger  than  X/B  zone, 
so  factor  is  near  unity. 

p3 

Surface  contour 
(convex) . 

Reduction  by 
divergence . 

Locates  image  closer 
to  reflector. 

P4 

Surface 

reflectivity. 

Reduction  by  diffu¬ 
sion  and  absorption. 

Roughness,  corrugation, 
materials,  openings. 

P  = 

product . 

Voltage  ratio, 
indirect/direct . 

Does  not  include 
radiation  pattern 
and  environment. 

Table  6-1  describes  several  factors  entering  into  the  reflection 
coefficient  for  an  indirect  signal  caused  by  one  obstacle  in  an 
airport.  Each  factor  is  to  be  evaluated  and  all  are  multiplied 
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to  determine  the  relative  amplitude  of  the  indirect  signal.  The 
reference  for  all  factors  is  a  perfect  plane  reflector  large 
enough  to  develop  an  image  substantially  like  the  transmitter.  A 
conceptual  example  would  be  a  large,  flat,  metal,  vertical  wall. 

The  path-distance  factor  (in  Table  6-1)  gives  the  reduction  factor 
resulting  from  the  Indirect  path  distance  (d*  +  d" )  being  greater 
than  the  direct  (d) .  There  are  two  situations  which  have  different 
formulas  for  this  factor. 

(a)  In  free  space,  this  factor  would  be 


This  ratio  is  valid  if  the  reflector  is  vertical  and  the 
receiver  is  high  enough  that  the  free-space  field  inten¬ 
sity  is  approximated.  This  height  depends  on  the  height 
and  directional  properties  of  the  transmitter  antenna. 

(b)  For  a  lesser  height  of  receiver,  the  ground  image  causes 
the  field  intensity  to  be  proportional  to  height.  The 
path-distance  factor  becomes 


This  ratio  is  valid  for  the  AZ  signal  on  a  long  runway, 
as  the  receiver  approaches  flareout  and  touchdown. 

This  also  is  conditioned  on  a  vertical  reflector. 

This  factor  is  usually  unimportant  for  the  AZ  transmitter,  so  the 
first  form  is  usually  valid  and  may  be  relevant  to  an  EL  transmitter. 

The  surfa^e-sice  factor  (in  Table  6-1)  includes  the  effect  of 
reflector  size  relative  to  the  A/8  zone  defined  above . 
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For  a  rectangular  wall,  Figure  6-12  shows  how  this  factor  may  be 
described  in  terms  of  two  components  depending  respectively  on 
width  and  height: 


p2  =  pwph 

Figure  6-12 (a)  shows  the  projected  width  of  a  wall  A  acting  as  a 
reflector  between  T  and  R.  The  "effective  distance"  dQ  and  the 
A/8  zone  width  -j/Xd~"  are  formulated  as  above.  If  the  projected 
width  exceeds  the  zone  width,  p  ,  is  near  unity.  The  difference 

W 

from  unity  is  caused  by  edge  diffraction,  as  indicated  for  the 
receiver  location  near  the  middle  or  one  edge  of  the  reflection 
sector  (Figure  6-5).  In  practice,  the  width  of  a  hangar  wall  is 
usually  many  times  the  zone  width,  so  this  factor  is  near  unity. 

Figure  6-12 (b)  shows  the  effect  of  the  height  of  a  vertical  wall 
located  on  the  ground.  The  height  is  taken  to  be  much  greater 
than  the  A/8  zone  width.  The  reflection  point  on  the  wall  is 
identified,  and  the  excess  height  above  that  point  is  denoted  hfi. 
The  graph  shows  the  height  factor  to  be  near  unity  if  the  ex¬ 
cess  height  exceeds  the  zone  width.  This  is  true  if  the  receiver 
is  within  the  reflection  cone  by  some  margin. 

The  surface-contour  factor  (in  Table  6-1)  gives  the  effect  of 
divergence  in  reflection  from  a  convex  surface.  This  is  rele¬ 
vant  especially  to  the  tail  fin  of  a  large  aircraft,  also  to 
its  fuselage  and  to  other  obstacles  such  as  a  fuel  truck  or  a 
water  tower.  It  is  assumed  that  the  surface  extends  more  than 
one  A/8  zone  width  (with  due  regard  for  the  curvature)  in  all 
directions  from  the  point  of  reflection.  This  effect  is  ex¬ 
pressed  in  terms  of  p^  ,  the  ratio  of  reduction  o£  field  inten¬ 
sity  at  tne  receiver.  The  reference  is  a  perfect  plane  reflector 
located  at  the  point  of  reflection. 
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(b)  Height  Factor. 


Figure  6-12.  Reflection  Factors  for  a  Rectangular 
Plane  Vertical  WaII 
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Figure  6-13 (a)  gives  the  general  formula  for  curvature  in  either 
or  both  of  the  horizontal  and  vertical  planes  (1/a^  and  l/a2> . 

Figure  6- 13(b)  gives  another  formula  for  the  case  of  most  interest 
here.  It  is  a  large  thin  tail  fin  with  a  convex  surface  of 
width  w  and  thickness  t.  If  T  and  R  are  on  centerline  (as  in  the 
AZ  function  on  approach) ,  c  is  approximately  the  offset  of  a  taxi¬ 
way  from  the  centerline.  (For  a  horizontal  cylinder,  just  change 
b  to  a . ) 

Example  -  Reflection  of  AZ  by  a  large  tall  fin  (747)  located  on  a 
taxiway  near  the  threshold. 

d'  =  13500  ft,  d"  =  1500,  dQ  =  1350 
c  =  500  ft,  w  -  30,  t  c.  2 
p,  =  0.09  (-21  dB) 

This  illustrates  the  great  reduction  of  the  indirect  signa.1  by  the 
curvature  of  the  tail  fin. 

Example  -  Reflection  of  AZ  by  a  hill  located  on  one  side  of  center- 
line,  under  the  glide  slope.  This  is  an  extreme  (conceptual)  case, 
included  as  another  illustration  of  the  effect  of  convex  curvature. 
Figure  6-14  shows  a  configuration  chosen  to  emphasize  any  detri¬ 
mental  effect  and  thereby  to  indicate  the  improbability  of  appreci¬ 
able  error  from  this  cause.  The  curvature  gives 

P3  =  0.06  (-24  dB) 

The  indirect  path  is  coded  C.5°  (1/2  beamwidth)  from  centerline 
(T  to  R),  which  ;ould  give  "in-beam"  error  of  decoding,  but  it  is 
too  small  to  fce  noticeable. 

The  surface-reflectivity  factor  (in  Table  6-1)  gives  the  effective 
reflection  coefficient  of  the  surface.  It  includes  scattering 
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(a)  Formula  for  Doubly  Convex  Surface. 


Figure  6-13.  Reflection  Factor  for  a  Convex  Surface 
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S£C T/O/V  A- A 
, - ~ - \ 


Figure  6-14.  Reflection  from  Hill  on  one  Side  of  Centerline 
Showing  Indirect  Path  with  Different  Angle  Coding 
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by  corrugation  or  roughness,  and  absorption  by  the  material  or 
openings.  The  following  are  some  estimated  values  for  a  few 
cases : 


Surface 

Smooth  metal  tail  fin  of  an  aircraft 
Flat  metal  door  of  a  hangar 
Corrugated  metal  door  of  a  hangar 
Nonmetal  side  of  a  building 


Reflectivity  (p^) 
1 
1 

1/2,  3/4 
1/4 


The  tail  fin  has  ito  reflection  reduced  by  convex  curvature,  as 
discussed  above.  The  flat  metal  door  is  believed  not  to  be  typi¬ 
cal  of  a  large  hangar  of  recent  construction.  If  it  should  appear 
in  a  critical  situation,  it  might  be  necessary  to  reduce  the 
reflection,  as  by  applying  a  corrugated  face. 

The  corrugated  metal  door  of  a  large  hangar  deserves  special 
attention  because  it  is  typical  of  the  largest  vertical  wall  to 
be  encountered.  Being  metal,  it  re-radiates,  in  some  direc¬ 
tions,  most  of  the  incident-wave  power.  AZ  and  EL  radiation  is 
at  C  and  Ku-bands,  where  the  wavelength  is  less  than  the  corru¬ 
gation  period,  perhaps  much  less.  Therefore  the  power  is  divided 
between  equal-angle  reflection  and  grating-lobe  scattering  in  a 
number  of  other  directions.  A  few  corrugation  contours  have  been 
noted,  which  are  estimated  to  give  a  reflection  coefficient  (p^) 
of  about  1/2.  Reference  [4]  reports  measurements  of  one  contour 
(not  detailed)  giving  about  3/4  to  1/2  at  15-30®  from  grazing 
incidence  for  vertical  ridges  of  corrugation.  The  computation 
and  measurement  of  this  effect  on  practical  surfaces  will  receive 
more  attention. 
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Table  6-2.  Reflection  Factors  for  Some  Airport  Obstacles. 


OBSTACLE 

■ 

U) 

HANGAR 

DOOR 

(b) 

BUILDING 

NALL 

(c) 

AIRCRAFT 

TAIL  FIN 

ANGLE 

CODED 

■ 

A2 

Q| 

EL 

-2 

AZ 

fl 

wm 

AZ 

fl 

EL 

/2 

RECEIVER 

LOCATION 

AZ 

D 

30° 

fl 

0 

0 

D 

D 

0 

30° 

fl 

fl 

REFLECTION 

FACTORS 

■ 

fl 

■ 

■ 

■ 

fl 

■ 

■ 

■ 

SPACE 

PATTERN 

B 

D 

fl 

fl 

1 

7 

fl 

D 

D 

i 

7 

fl 

fl 

fl 

PATH 

DISTANCE 

B 

fl 

fl 

3 

7 

3 

7 

11 

fl 

*|U 

3 

7 

fl 

D 

* 

* 

SURFACE 

SIZE 

B 

!fl 

fl 

fl 

B 

fl 

fl 

fl 

fl 

11 

fl 

fl 

b 

B 

fl 

fl 

n 

fl 

fl 

fl 

fl 

fl 

1 

7 

i 

7 

X 

7 

i 

7 

i 

SURFACE 

REFLECTIVITY 

B 

D 

3  ' 

7 

i_L 

H 

i 

i 

l 

7 

T 

fl 

a 

fl 

D 

PRODUCT 

B 

LL 

3 

7 

fl 

Em 

i 

T 

B 

B 

LL 

i 

7 

fl 

A  summary  of  reflection  factors  is  given  in  Table  6-2  for  three 
cases  of  particular  interest.  They  are  estimates  of  typical 
cases,  based  on  the  preceding  discussion.  The  receiver  location 
is  in  terms  of  AZ  angle  from  centerline  (0  or  30°).  It  is  noted 
that  this  table  does  not  include  other  factors  such  as  space 
patterns  or  frequency  filters.  The  zero  values  for  EL-1  indicate 
that  theBe  are  nominally  outside  the  AZ  coverage  angle  of  the  fan 
beam.  The  AZ  reflection  from  the  corrugated  metal  door  of  a 
hangar  (a)  is  the  only  case  where  o  might  be  greater  than  1/2. 
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The  cone  of  reflection.  Just  as  important  as  the  reflection  factor 
is  the  location  of  the  cone  of  reflection.  This  determines  whether 
a  particular  flight  path  will  traverse  the  cone,  and  during  what 
time  in  its  approach  pattern.  The  practical  effect  of  this 
transit  may  be  inferred  in  some  typical  cases.  The  practical 
effect  is  different  for  typical  cases  of  reflection  of  AZ  and  EL 
radiation. 

Parallel  wall,  AZ  reflection.  Figure  6-1 (a)  and  6-7  show  this  case. 
The  reflection  cone  is  on  one  side  of  centerline,  opposite  from  the 
shodow  cone  and  similar  in  shape.  There  is  no  reflection  cone 
along  the  centerline.  There  is  only  a  small  chance  that  one  cone 
will  be  traversed,  requiring  that  it  include  the  flight  path  in 
one  of  two  locations: 

(a)  At  a  great  distance  and  far  from  centerline;  and/or 

(b)  Below  200  ft  and  before  touchdown. 

Only  in  the  latter  case  is  it  critical,  and  then  the  duration  may 
be  about.  5  sec.  In  either  case,  the  angle  coding  of  the  indirect 
and  direct  paths  is  much  different,  so  the  multipath  error  may  be 
removed  by  frequency  filtering. 

Oblique  wall,  AZ  reflection.  Some  examples  are  shown  in  Figure  6-15. 
The  reflection  cone  may  include: 

(a)  The  centerline  over  the  entire  glide  slope  and  flareout  to 
touchdown. 

(b)  A  cone  on  the  same  side  of  centerline. 

(c)  A  narrow,  low  cone  near  threshold,  traversed  during  the  flareout. 

The  relative  angle  coding  of  indirect  and  direct  paths  can  be  in¬ 
ferred  in  each  case.  Only  one  (b)  has  both  angles  far  from  center- 
line  and  on  the  same  side,  so  they  are  not  separated  by  the  fixed 
prefilters  discussed  elsewhere  hereih* 
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SHADOW  ABOVE  /SOO  -T  AT  *  ,V,W/ 


(a)  Reflection  Toward  Glide  Slope. 


<b)  Reflection  in  Sane  Half-Sector, 


(c) 


Reflection  toward  Transition  From  Glide 
Slope  to  Flareout 


J  S£  C 

7ZCff07t 


Figure  6-15.  Reflection  of  AZ  Radiation  from 
Oblique  Vertical  Wall 
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Nearby  wall/  EL  reflection.  Figure  6-16  shows  some  peculiarities 
of  reflection  cones  in  the  vicinity  of  the  EL  radiators  and  the 
approach  to  touchdown.  The  hangar  location  illustrates  two  cases: 

(a)  The  flight  path  traverses  the  EL-1  cone,  but  only  during 
flareout  after  handover  to  EL-2) 

(b)  The  flight  path  passes  over  the  EL-2  cone,  and  before 
handover  tc  EL-2. 

Therefore  both  of  these  reflection  cones  happen  to  be  harmless. 

Nearby  tail  fin  on  parallel  taxiway.  The  cone  of  reflection  has 
these  peculiarities: 

(a)  It  is  spread  in  width  by  the  convex  curvature,  so  it  covers 
a  horizontal  angle  of  about  30°. 

(b)  The  vertical  angle  subtended  at  the  transmitter  is  small 
(less  than  3°)  and  is  lifted  both  by  the  height  of  the  fin 
above  ground  and  also  (about  8°)  by  its  taper. 

(c)  The  face  is  similar  to  a  cylinder  tilted  both  laterally  and 
longitudinally,  so  there  are  components  of  curvature  in  both 
horizo-  .al  and  vertical  planes,  see  Figures  6-10  and  6-13 (a). 

The  cone  of  reflection  tends  to  be  tilted  upward,  away  from  the 
flight  path  near  touchdown.  However,  the  double  curvature  makes 
it  difficult  to  describe.  Since  the  reflection  factor  is  reduce^ 
by  convex  curvature,  this  reflection  has  little  effect  on  angle 
guidance. 

Diffraction  is  the  cause  of  multipath  outside  the  regions  identi¬ 
fied  with  shadowing  and  reflection,  as  indicated  in  Figure  6-5. 

The  relative  strength  of  the  indirect  signal  is  appreciable  if  the 
line--of-sight  is  separated  from  the  obstacle  by  only  a  few  times 
the  zone  width,  as  appears  in  Figure  6-9  and  6-12  (b).  This  is 
associated  with  a  well  defined  cone  of  shadowing  or  reflection. 
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(a)  Plain 


3  •  CUDE  SLOPE 


come  cross  -seer/  on  of  el.-/  (lo)  — a  el- 2 

REFLECT/ON  ZONE  AT  RON  WAY  CENTERL/NE 


7203072 


(b)  Elevation 


Figure  6-16.  Reflection  of  EL  Radiation  from  a  Vertical  Wall 
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One  line-of-sight  is  unlikely  to  be  close  to  more  than  one  such 
cone  at  a  time. 

There  are  many  objects  on  the  ground  which  are  illuminated  by  any 
one  transmitter,  especially  the  AZ.  There  is  no  realistic  model 
that  seems  to  give  diffraction  paths  of  appreciable  strength, 
individually  or  collectively. 

(a)  A  horizontal  edge  at  the  top  of  a  high  building  gives  dif¬ 
fraction  mainly  in  line  with  the  building  and  far  beyond  it. 
One  or  very  few  such  edges  would  be  in  the  same  line,  and 
typically  much  below  the  line-of-sight. 

(b)  Corners  at  the  top  of  high  buildings  give  diffraction  in  all 
directions  but  much  weaker,  even  in  the  aggregate. 

(c)  Anomalous  obstacles  in  or  near  the  airport  would  contribute 
more  numerous  signals  but  so  much  weaker  that  their  aggre¬ 
gate  is  hardly  appreciable. 

The  RMS  value  of  diffraction  indirect  signals,  or  the  value  of  one 
principal  component,  is  estimated  to  be  around  0.01  of  the  direct. 
Also  their  contribution  to  the  residual  error  is  reduced  by  the  AZ 
prefilter  or  the  EL  space  patterns.  They  are  regarded  collec¬ 
tively  as  a  low  level  of  background  noise. 
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Conclusions.  Relative,  to  these  three  pher.or.o-.,, .  the  following 

are  the  principal  conclusions. 

(a)  Shadowing  is  unavoidable  in  ft  microwave  system,  buc  a  deep 
shadow  is  caused  only  by  a  large  building  that  happens  to  be 
located  within  some  small  fraction  o±  the  airport  area.  Its 
effect  is  stable  and  predictable. 

(b)  Reflection,  in  various  amounts,  is  the  principal  cause  of 
multipath  effects.  A  large  hangar  door  or  a  large  tail  fin 
is  a  reflector  of  some  concern.  An  appreciation  of  the 
properties  of  reflectors  forms  a  basis  for  evaluating  and 
reducing  the  problems,  as  described  in  other  sections. 

(c)  Diffraction,  as  separated  from  shadowing  and  reflection, 
does  not  cause  appreciable  multipath  effects. 


6-49 


V 


Report  10926 


5.  rath  Difference  and  Motion. 


In  comparing  indirect  and  direct  paths  of  signal  from  transmitter 
to  receiver,  the  amplitude  ratio  and  angles  have  been  considered, 
as  well  as  the  duration  of  traversal  of  a  reflection  cone.  Here 
we  shall  consider  two  other  quantities  that  affect  the  angle 
decoding  in  more  subtle  ways.  These  are  the  path  difference  and 
the  path-difference  speed.  The  latter  causes  a  change  of  multipath 
error  from  scan  to  scan  in  a  Doppler  format,  within  one  guidance 
function  period.  This  change  permits  averaging  so  as  to  substan¬ 
tially  reduce  the  multipath  errors,  as  discussed  in  Part  12. 

The  path  difference  in  multipath  is  the  difference  by  which  an  in¬ 
direct  path  is  longer  than  the  direct.  Referring  to  Figure  6-17, 

it  is  expressed  in  length  (d  )  or  the  equivalent  time  delay  (T  ) . 

c  c 

It  is  relevant  to  the  modulation  envelope  (AM  or  PM)  of  the  angle 
coding  of  the  radiated  signal  (carrier  and  sideband) ,  as  dis¬ 
tinguished  from  the  carrier  phase. 

The  long-wave  behavior  refers  to  the  space  wavelength  of  the  angle¬ 
coding  modulation  envelope.  Its  frequency  is  about  100  KHz  (fQ  or 
nearby)  so  its  wavelength  is  about  3  Km  or  10  Kft  (XQ) .  If  the 
path  difference  is  even  a  small  fraction  of  this  wavelength,  this 
phase  shift  is  reflected  in  the  angle  error  caused  by  the  indirect 
signal.  This  will  appear  in  the  error  formula. 

The  rath-dif ference  speed  is  the  rate  of  change  of  the  path  differ¬ 
ence  with  time,  as  described  in  Figure  6-17.  It  is  the  difference 
of  the  velocity  components  in  the  directions  from  which  indirect 
and  direct  signals  reach  the  receiver.  The  path-difference  speed 
(v  )  can  be  expressed  as  a  path-difference  frequency  (f  =  v  /X) . 
Its  effect  is  related  to  its  ratio  over  the  frequency  beamwJdth  so 
it  is  helpful  to  express  its  value  in  BW.  It  is  here  defined  uo 
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have  a  positive  value  with  increasing  path  difference,  as  when 
approaching  :  he  transmitter  on  a  radial  path. 

7'hf  p-vfh-  differ -snce  frequency  at  the  receiver  is  the  frequency  of 
its  crossing  the  hyperbolic  space  pattern  of  interference  between 
diriat  7.  d  indirect  signals.  This  becor.es  one  of  the  significant 
-tua’  itios  in  the  multipath  error  formula  to  be  given.  It  is  the 
oasis  for  motion  averaging  to  reduce  the  error. 

From  the  formulas  in  Figure  6-17,  the  graphs  in  Figure  6-18  show 

the  variation  of  path-dif ferenca  speed  with  location  on  the  flight 

oath.  The  frequencies  (f  )  are  between  0  and  1000  Hz,  the  latter 

P 

being  3  BW  in  «Z  or  1  BW  in  EL-1.  Near  the  transmitter,  this  fre¬ 
quency  may  be  one  or  more  BW.  Far  from  the  transmitter,  it  is 
much  smaller,  especially  on  a  radial  path. 

As  will  appear,  there  is  particular  significance  to  the  crossing 
of  multiples  of  the  sampling  frequency  {such  as  7  Hz). 

The  puth-dif ference  frequency,  and  its  changing  relation  to  the 
sampling  frequency,  tend  to  cause  some  cyclic  variations  in  the 
time  profile  of  the  residual  error.  This  will  receive  further 
attention. 
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6.  The  Proposed  Method  of  Problem  Reduction. 


In  the  order  of  signal  flow,  these  are  the  principal  features  pro¬ 
posed  for  reducing  the  multipath  problem: 

(a)  Filtering  in  space.  The  radiators  will  be  designed  to 
strongly  illuminate  the  required  sectors  but  with  reduced 
amplitude  in  other  directions.  Also  to  emphasize  the  A2 
carrier  near  the  centerline. 

(b)  Detection  with  a  STALO  instead  of  the  received  carrier. 

This  option  is  available  for  avoiding  any  residual  errcxG 
that  might  be  caused  by  motion  through  the  carrier  inter¬ 
ference  pattern. 

(c)  Filtering  in  angle-coding  frequency,  before  the  limiter, 

A  few  specialized  but  simple  prefilters  will  be  designed 
and  one  at  a  time  will  be  selected  by  a  simple  logic  .in 
operation. 

(d)  Capture  in  a  limiter.  This  feature  enables  instant  selec¬ 
tion  of  the  strongest  (direct)  angle-coding  frequency  over 
any  weaker  (indirect)  interference. 

(e)  Multiscan  motion  averaging.  This  result  of  the  Doppler 
multiscan  system  greatly  reduces  some  multipath  errors  that 
might  be  caused  by  indirect  signals  whose  angle  coding 
differs  from  the  direct  by  a  fraction  of  one  bearawidth. 
(So-called  "in-beam"  or  "near-beam"  multipath.) 

(f)  Self-tracking  digital  narrowband  postfilter.  This  option 
is  available  for  further  reduction  of  any  residual  errors 
from  different  angle  tones. 

The  limiter  and  the  capture  effect  (d)  will  be  discussed  next, 

because  it  is  a  reference  for  all  other  features. 
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7.  The  Limiter  and  the  Capture  Effect. 


The  capture  effect  in  a  limiter  is  a  well-known  phenomenon  which 
is  here  utilized  for  a  specific  purpose.  It  is  used  for  instantly 
subordinating  a  weaker  (indirect)  signal  to  the  stronger  (direct 
signal).  This  is  one  of  the  principal  features  of  the  Doppler  MLS. 

The  limiter  is  here  regarded  as  a  circuit  which  identifies  zero- 
crossings  to  the  exclusion  of  other  properties  of  a  signal,  so 
the  zero-crossings  can  be  counted  and  timed  for  measurement  of  the 
average  frequency  over  an  interval.  If  one  frequency  component 
exceeds  the  sum  of  all  others,  it  is  known  that  this  frequency 
becomes  the  average  frequency  of  the  zero-crossings. 

This  is  termed  the  "capture  effect".  It  is  effective  here  for 
instant  identification  of  the  strongest  (direct)  signal.  Refer¬ 
ring  to  Figure  6-3,  this  phenomenon  is  illustrated.  The  weaker 
signal  does  not  affect  the  number  of  zero-crossings.  It  does 
cause  a  phase  perturbation  which  may  cause  some  error  in  timing 
at  the  ends  of  the  count. 

Any  reduction  of  the  ratio  of  indirect/direct  signals  is  most  effec¬ 
tive  if  it  can  be  implemented  ahead  of  the  limiter.  Then  it  con¬ 
tributes  also  to  the  margin  of  capture  in  the  limiter.  Space- 
pattern  and  frequency  prefiltering  are  examples  of  this.  Any 
remaining  errors  caused  by  indirect  signals  of  different  angle¬ 
coding  can  be  further  reduced  after  the  limiter  by  frequency 
postf iltering. 
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8.  Filtering  in  Space  and  Frequency. 


As  previously  mentioned,  prefiltering  ahead  of  the  limiter  is  doubly 
effective  because  it  contributes  also  to  the  margin  of  capture  in 
the  limiter.  Several  patterns  are  shown  in  Figure  6-2.  They  fall 
in  two  classes; 

(a)  Space-pattern  prefiltering. 

(b)  Frequency  prefiltering. 

They  are  applied  differently  for  AZ  and  EL  functions  in  MLS. 

AZ  carrier.  Figure  6-2 (a)  shows  a  space  pattern  for  emphasizing 
the  carrier  near  the  centerline.  This  gives  extra  assurance  that 
the  received  carrier  will  be  reliable  for  reception  near  the 
centerline  where  needed  most.  There  are  no  strong  reflections 
near  centerline,  so  all  indirect  signals  are  reduced  to  1/2. 
Therefore  any  interference  pattern  cannot  have  deep  valleys. 

AZ  sidebands.  Figure  6-2 (b)  shows  three  prefilter  patterns  in 
terms  of  angle-coding  frequency  bands .  These  optional  fixed 
filters  have  two  features: 

(a)  When  the  receiver  is  off  to  one  side,  before  reaching  center- 
line,  the  proper  half-sector  filter  is  switched  in  (from  knowl¬ 
edge  of  the  receiver  location) .  This  filter  protects  against 
any  indirect  signal  reflected  from  the  opposite  side.  As  pre¬ 
viously  mentioned,  the  latter  includes  any  reflection  from  a 
vertical  wall  close  to  the  runway  and  parallel  thereto. 

(b)  When  the  receiver  is  near  centerline  for  glide  slope,  flare- 
out  and  touchdown,  the  narrowband  centerline  filter  is  switched 
in.  This  gives  greatest  selection  against  any  indirect  signal 
coded  for  either  side  of  the  runway. 
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EL-1 (LO)  carrier  and  sidebands.  Referring  to  Figure  6-2 (c),  the 
space  pattern  of  the  fan  beam  is  shaped  to  provide  the  needed 
coverage  and  is  much  reduced  outside  this  sector.  As  a  result, 
it  avoids  full  illumination  of  the  nearest  hangars.  (Also  air¬ 
craft  on  the  adjacent  taxiway,  except  near  the  end  of  the  runway.) 

EL-2  carrier  and  sidebands.  Again  referring  to  Figure  6-2 (c),  the 
space  pattern  of  the  fan  beam  is  shaped  to  provide  the  needed  cov¬ 
erage  and  is  much  reduced  outside  this  sector.  As  a  result,  it 
avoids  full  illumination  of  the  nearest  hangars,  also  the  nearest 
aircraft  on  the  adjacent  taxiway. 

Here  it  appears  that  space  and  frequency  filtering  may  meet  with 
different  opportunities  for  carrier  and  sidebands,  and  for  AZ  and 
EL  functions.  In  each  case,  the  proposed  feature  reduces  the 
multipath  problem  in  a  manner  that  is  needed  but  not  available  by 
any  other  means. 

Tracking  narrowband  prefilter.  This  is  a  recognized  option  which 
offers  further  reduction  of  an  indirect  signal  coded  for  a  differ¬ 
ent  angle.  It  is  most  useful  in  the  AZ  function.  Following  the 
half-sector  filter,  it  can  select  the  direct  signal  over  an  indirect 
signal  coded  in  the  same  half-sector.  It  requires  special  care  in 
acquisition  and  tracking. 

Time-domain  postfilters.  This  class  includes  three  features,  the 
first  of  which  is  inherent  in  the  proposed  system. 

(a)  Multiscan  motion  averaging. 

(b)  Self-tracking  narrowband  digital  postfilter. 

(c)  Sample-smoothing  digital  postfilter. 

Each  of  these  will  be  discussed  in  subsequent  sections. 
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The  proposed  filtering.  The  proposed  baseline  system  for  the  K 
configuration  includes  the  following  filtering: 

(a)  Space  patterns  shown  in  Figure  6-2. 

(b)  AZ  fixed  prefilters  shown  in  Figure  6-2. 

(c)  Multiscan  motion  averaging. 
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9.  Self-Tracking  Digital  Narrowband  Filter. 


Some  kind  of  tracking  narrowband  filter  in  the  receiver  is  one  tech¬ 
nique  available  for  reduction  of  a  multipath  error  on  the  basis  of 
frequency  selection.  It  is  effective  if  the  angle  coding  of  indirect 
and  direct  paths  is  separated  by  a  frequency  difference  exceeding 
one  or  two  beamwidths  (BW) .  The  self-tracking  digital  postfilter 
is  such  a  technique.  It  is  a  comi iter-type  time-domain  filter 
that  can  be  incorporated  in  the  frequency-measuring  process  as  part 
of  the  angle  decoder,  see  Figure  6-3.  It  is  a  natural  modification 
of  the  decoder  using  counting  and  timing  in  every  scan.  Its  func¬ 
tion  is  complete  in  each  scan. 

In  the  Hazeltine  proposal  [2]  this  digital  filter  was  described  and 
suggested  for  further  consideration.  It  will  be  described  here  in 
more  detail,  with  an  improvement  which  makes  it  self-adapting  to 
any  period  of  scan.  It  is  not  needed  in  the  baseline  system 
described  herein,  but  it  is  available  for  further  refinement  if 
desired.  In  the  rejection  of  indirect  signals  in  terms  of  fre¬ 
quency  difference,  it  offers  slightly  less  discrimination  for  a 
small  difference  and  much  more  for  a  large  difference. 

The  following  comprises  the  presentation  included  in  the  previous 
proposal,  followed  by  more  recent  material  relating  to  the  imple¬ 
mentation  and  performance  of  this  filter. 

Digital  filter.  The  digital  counter  and  timer  in  the  receiver  can 
be  programed  to  perform  the  function  of  a  narrowband  filter  that 
is  self-tracking  with  the  major  frequency  component,  as  a  result 
of  "capture"  in  the  limiter.  This  process  is  analogous  to  taper¬ 
ing  the  aperture  excitation  of  the  antenna  for  suppressing  side- 
lobes.  The  reasoning  behind  such  a  process  will  be  outlined,  then 
the  manner  of  implementation  and  the  extent  of  error  reduction  that 
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is  readily  obtainable.  This  computer  filter  differs  from  a  physi¬ 
cal  narrowband  filter  in  that  it  is  free  from  "minimum-phase"  delay 
and  distortion,  so  the  scan  timing  is  retained. 

Aperture  taper.  In  presenting  the  Doppler  scan,  direct  tapering 
at  the  aperture  has  been  proposed,  as  a  matter  of  principle,  for 
suppressing  sidelobes  of  the  frequency  spectrum.  However,  such 
tapering  has  no  effect  if  the  signal  is  to  be  decoded  (without 
narrowband  selection)  by  crossover  counting  and  timing.  The  ampli¬ 
tude  is  ignored  and  the  signal  is  usually  passed  through  a  limiter 
beforehand.  The  digital  filter  is  a  process  for  obtaining  (after 
the  limiter)  some  of  the  benefit  usually  associated  with  the  prin¬ 
ciple  of  aperture  tapering.  In  each  scan,  it  is  able  to  decrease 
the  angle  error  of  decoding,  caused  by  a  weaker  reflected  signal 
carrying  a  different  frequency  of  angle  coding  and/or  path- 
difference  speed. 

The  self-tracking  feature  of  the  digital  filter.  Being  located 
after  the  limiter,  this  filter  operates  on  the  direct-signal 
(stronger)  frequency  component  that  has  "captured"  the  limiter. 

It  performs  a  frequency  averaging  computation  analogous  to  the 
time-integration  in  a  narrowband  filter,  and  the  result  is  similar. 
However,  the  digital  filter  after  the  limiter  inherently  tracks 
the  direct-signal  frequency,  irrespective  of  its  initial  value  or 
even  any  "chirp"  during  a  scan  period.  This  yields  a  major  sim¬ 
plification  relative  to  a  tracking  filter  before  the  limiter. 

(Being  situated  after  the  limiter,  the  digital  filter  naturally 
cannot  protect  the  decoder  from  a  reflected  signal  stronger  than 
the  direct-signal.) 


The  viewpoint  of  phase  modulation.  The  (weaker)  reflected  signal, 
at  a  slightly  different  frequency,  causes  phase  modulation  at  the 
difference  frequency,  as  explained  with  reference  to  Figure  6-3. 


Some  examples  of  this  modulation  are  shown  in  Figure  6-19 (a) .  A 


reflection  coefficient,  p  «•  1/2,  is  taken  for  these  examples,  so 


) 
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Figure  6-19.  Measurement  Error  in  Decoding,  Caused  by  a  Reflected 
Signal  at  an  Angle  Difference  of  M  Beamwidths  (Reflection  Coefficient 

P  =  1/2) 
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the  phase  modulation  alternates  within  ±  1/2  radian.  For  m  beam- 
widths  (BW)  of  frequency  difference,  the  phase  modulation  progresses 
m  cycles  (m  *  2tt  radians)  over  the  scan  period  (Tg) .  The  two  cases 
shown  are  for  odd-half  numbers  of  beamwidths  of  angle  and  frequency 
difference  (3/2  and  9/2) .  The  timing  of  this  wave  relative  to  the 
scan  period  is  an  accident  of  space  geometry,  including  motion. 

The  timing  shown  is  that  which  gives  the  greatest  phase  difference 
between  the  end  points.  This  is  an  upper  bound  on  the  phase  error 
observed  in  the  simple  process  described  with  reference  to 
Figure  6-3.  The  amount  of  phase  modulation  is  the  same  for  any 
number  of  cycles  (m) . 

The  viewpoint  of  frequency  modulation.  The  decoder  is  intended  to 
respond  to  the  coding  frequency,  which  is  the  average  frequency. 
Averaging  is  needed  if  there  is  any  "chirp'1  on  the  angle  coding. 

In  any  case,  it  is  needed  here  to  decrease  the  ability  of  the  in¬ 
direct  signal  to  cause  an  error  in  measurement.  Figure  6-19 (b) 
shows  the  frequency  modulation  corresponding  to  the  phase  modula¬ 
tion  (a).  The  amount  of  frequency  modulation  is  proportional  to 
the  difference  frequency  (fm)  or  the  corresponding  number  of  beam- 
widths  (m)  of  angle  separation.  Averaging  this  modulation  over  the 
scan  period  leaves  a  residual  error  indicated  by  the  shaded  quad¬ 
rants.  This  area  is  the  same  for  any  m  and  is  greatest  for  odd- 
half  values  as  in  the  examples.  The  time  integral  of  2uf  gives  <)>. 
Therefore  this  area  corresponds  to  the  1/2  radian  of  $  in  (a) . 

Ordinary  frequency  averaging.  Here  we  see  that  the  simple  count¬ 
ing  and  timing  decoder  (Figure  6-3)  is  equivalent  to  averaging  the 
frequency  modulation.  It  leaves  an  error  of  frequency  measurement 
in  proportion  to  1/m  of  the  extent  of  frequency  modulation.  This 
may  be  regarded  as  the  result  of  averaging  out  all  except  a  frac¬ 
tion  of  one  cycle  in  the  m  cycles  of  modulation.  The  residue 
cannot  exceed  1/2  of  one  cycle.  The  counter  and  timer  may  be 
regarded  as  averaging  the  "instantaneous"  frequency  measurements 
of  all  intervals  between  successive  counts.  Equal  weight  is  given 
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to  every  interval,  which  has  the  effect  of  ignoring  the  timing  of 
all  intervening  crossovers  and  giving  weight  only  to  the  lapsed 
time  from  the  first  to  the  last  crossover.  This  process  ignores 
much  information  that  is  available,  namely,  the  timing  of  all 
intervening  crossovers. 

Weighted  frequency  averaging.  In  antenna  aperture  theory,  side- 
lobes  may  be  decreased  by  tapering  the  excitation  over  the  aper¬ 
ture.  The  sideiobe  reduction  is  the  mathematical  result  of  weighted 
averaging  of  all  parts  of  the  aperture.  In  the  Doppler  scan,  the 
aperture  excitation  is  scanned  in  time,  so  tapering  or  weighting 
may  be  achieved  by  a  variation  with  time.  In  the  counter  and  timer, 
this  may  be  accomplished  by  applying  a  tapering  or  weighting  factor 
over  the  scan  time,  as  shown  in  Figure  6-19 (c).  As  an  alternative 
to  the  constant  weighting,  a  parabolic  taper  is  shown.  In  the  com¬ 
puter,  in  principle,  this  weighting  factor  is  applied  to  "instan¬ 
taneous"  frequency  measurements  in  all  counting  intervals.  With 
this  weighting  factor,  the  FM  is  then  averaged.  This  average  gives 
weight  to  the  timing  of  all  crossovers.  Especially,  the  end  quad¬ 
rants  no  longer  have  a  controlling  effect  on  the  average. 

The  resulting  reduction  of  residual  error.  With  reference  to 
Figure  6-3,  it  has  been  stated  that  the  ordinary  counting  and  timing 
decoder  leaves  an  error  which  has  an  upper  bound  of  1/6  BW.  In 
Figure  6-19 (d)  the  sine  curve  shows  how  the  upper  bound  of  this 
error  goes  through  cyclic  variations  with  angle.  The  corresponding 
upper  bound  is  shown  for  the  parabolic  taper.  Its  envelope  de¬ 
creases  in  proportion  to  1/m,  as  compared  with  the  level  envelope 
for  constant  weighting  (no  taper) .  The  ratio  of  these  two  curves 
is  the  same  as  that  of  sidelobes  for  corresponding  aperture  excita¬ 
tions.  The  error  reduction  is  substantial,  since  m  may  be  as  great 
as  60  BW  from  zero  angle  (broadside)  or  even  120  BW  from  an  extreme 
side  angle.  In  tither  case,  the  RMS  error  (over  all  equally  probable 
conditions)  is  1/2  the  sidelobe  envelope. 
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The  filter  effect  obtained  by  a  digital  computer.  The  weighting 
function  is  the  time-domain  description  of  the  equivalent  fre¬ 
quency  filter.  Either  weighting  factor  gives  the  following  effects 
if  m  >  Is 


Equivalent  frequency  filter, 

sidelobe  envelope  proportional  to 


Constant  Parabolic 


1/m 


1/m2 


Angle  decoding  error  (in  beamwidths) 
not  exceeding 


1/6  l/£m 


The  optimum  taper.  The  taper  is  seen  to  increase  the  error  slightly 
if  m  <  5/4.  For  large  m,  the  parabolic  taper  decreases  the  error 
further  than  needed.  It  may  be  preferable  tc  use  a  fractional 
taper,  as  graphed  by  the  dashed  line  in  Figure  6 -19(c).  If  the 
ends  are  2/5  the  middle  weighting,  as  shown,  the  error  envelope  is 
the  average  of  the  two  graphs  (with  due  regard  for  sign)  and  levels 
off  at  1/12  BW.  By  applying  this  freedom,  the  envelope  may  be 
leveled  off  at  any  fraction  of  1/6  BK,  and  .he  increased  tolerance 
of  far  sidelobes  yields  the  advantage  of  decreasing  the  error  near 
m  =  1. 

The  decoder  computer  algorithm.  The  constant  weighting  is  accom¬ 
plished  by  the  simplest  computation.  The  parabolic  taper  is  a 
routing  variation  but  might  pose  a  problem  in  anticipating  the 
duration  of  computation  in  a  particular  scan.  The  following  pre¬ 
sents  an  algorithm  for  computing  with  the  parabolic  taper  in  a 
manner  that  can  be  stopped  at  any  count.  It  is  simple  enough  to 
be  attractive  for  the  system  decoder.  Figure  6-20  gives  the  basis 
for  this  process. 

The  problem  of  a  scar,  period  of  unspecified  duration.  In  the  MLS 
receiver,  the  decoding  process  may  be  designed  to  be  self-adapting 
to  any  value  of  the  scan  period.  This  1b  simply  accomplished  for 
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(a) 


6  (2m  -  n) 
n  'n+l)  (n+2y 


(b) 


6  (n  -  m  +  1/2)  (m  +  1/2)  HERE  K  IS 
w2  “  - n  (h+T)’- Tn+21  ODD-HALF- INTEGER 


(a)  Linear  weighting  factor  (W^)  to  be  applied  to 
lapsed  time  (t^)  at  each  count. 

(b)  Parabolic  weighting  factor  (W2>  to  be  applied 
(effectively)  to  the  period  at  each  count. 


Figure  6-20.  The  Relation  Between  \_he  Two  Weighting  Factors 
over  the  Time  Interval  of  Counting 
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the  measurement  of  average  period  of  the  coding  frequency,  because 
it  is  the  quotient  of  period  count  over  time  count,  the  former 
being  started  just  after  the  beginning  and  stopped  just  before  the 
and  of  the  scar,  period.  However,  the  filter  requires  a  computa¬ 
tion  subject  to  a  weighting  factor  which  varies  in  a  prescribed 
manner  over  the  scan  period.  For  this  weighting  factor,  there  is 
just  one  form  of  taper  which  is  naturally  adaptable  to  continuous 
computation  without  prescribing  the  scan  period.  It  is  the  para¬ 
bolic  taper,  as  will  be  described. 

The  parabolic  taper  of  the  weighting  factor.  This  taper  is  analo¬ 
gous  to  a  familiar  form  of  aperture  taper  in  the  science  of  beam¬ 
forming  radiators  (for  example,  microwave-relay  antennas) .  It 
comprises  a  parabola  between  zeros,  as  shown  in  Figure  6-20,  or 
perhaps  added  to  a  constant  ("pedestal") .  The  latter  is  a  simple 
variation  and  wi.j  not  be  mentioned  further  herein  because  it  is 
net  related  to  the  unusual  problem  in  computation.  The  parabolic 
form  is  ideal  here  because  it  has  constant  curvature  and  there¬ 
fore  is  adapted  for  continuous  computation  before  the  end  point 
is  known.  No  other  symmetrical  taper  has  this  property.  The 
manner  of  utilizing  this  property  is  the  principal  subject  of  this 
discussion. 


Applying  the  weighting  factor  in  real  time.  An  objective  in  the 

present  system  is  the  proper  weighting  of  each  time  observation 

for  immediate  summing  over  the  scam  period.  In  principle,  the 

weighting  factor  is  applied  to  each  observation  of  the  period 

(At)  between  one  crossover  and  the  next.  Then  the  average  period 
m 

is 
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The  weighting  factor  cannot  be  prescribed  over  an  unspecified  scan 
period,  as  here.  However,  it  will  be  shown  how  two  weighted  sums 
can  be  combined  at  the  end  of  the  seem  period,  to  achieve  the  same 
result. 

The  development  of^he  parabolic  taper  in  real  time.  Figure  6-21 
shows  two  weighting  factors,  one  parabolic  (a)  and  the  other 
linear  (b) .  Both  may  be  applied  continuously  with  arbitrary  scale 
factors  and  the  weighted  sums  accumulated  in  separate  registers. 

If  the  time  observations  yielded  a  constant  period,  the  areas  (a) 
and  (b)  would  represent  these  sums.  At  the  end  of  the  scan, 
either  or  both  of  the  scale  factors  is  adjusted  to  equalize  the 
two  weighting  factors  at  that  point,  as  graphed  in  Figure  6-21. 
Taking  the  difference  of  these  two  sums  is  then  equivalent  to  a 
retroactive  application  of  the  difference  of  the  two  weighting 
factors,  which  is  a  parabola  between  two  zeros(c).  In  effect, 
this  is  to  be  applied  as  a  tapered  weighting  factor  in  summing 
and  averaging  the  observations  of  the  period  between  one  cross¬ 
over  and  the  next. 

The  practical  application  of  the  parabolic  taper.  Instead  of  ob¬ 
serving  the  period  (At)  at  every  count  (m) ,  and  then  applying  the 
two  weighting  factors  (a)  and  (b)  in  Figure  6-21,  a  simplification 
is  found  in  a  different  procedure.  It  is  based  on  observing  the 

laosed  time  (t  )  from  zero  (at  m  =  0)  to  each  count  (m)  .  In 
m 

effect,  the  summation  of  the  lapsed  times  inherently  provides  a 
linear  weighting  factor  by  repeated  addition  of  the  earlier  periods. 
This  principle  will  be  implicit  in  the  procedure  to  he  described. 
Another  linear  factor  on  the  lapsed  time  provides  the  effect  of  a 
parabolic  weighting  factor. 

The  weighted  average  of  all  periods.  First  we  shall  state  the 
selected  weighting  formula  and  summing  from  observed  periods,,  be¬ 
cause  this  is  the  principle  to  be  implemented.  Figure  6-20 (b) 
shows  this  taper  as  a  parabola  between  two  zeros,.  The  location 


6-67 


Report  10926 


■j 


7900079 


(a)  Cumulative  parabolic  weighting  factor. 

<b)  Linear  weighting  factor  based  on  end  points  only, 
computed  at  end  of  interval. 

(c)  Difference  representing  the  required  parabolic  taper. 


Figure  6-21.  The 
over  an 


Development  of  a  Parabolic  Taper  in  Real  Time 
Interval  not  Specified  in  Advance 
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of  these  2eros  is  chosen  to  give  equal  weight  to  all  time  observa 

tions  (t  at  m  =  O  to  n) .  If  n  is  large,  as  is  expected,  this 
m 

choice  is  not  critical  to  performance,  but  it  does  yield  the  sim¬ 
plest  computation  in  the  end.  Here  we  identify  the  periods  with 
odd-half-integral  values  of  m,  then  the  weighting  factor  may  be 
expressed  as 


W 


2 


6 (n-m+1/2)  (m+1/2) 

n (n+1)  (n+2) 


(2) 


In  the  numerator,  each  factor  provides  one  of  tie  two  zeros.  The 
constant  scale  factors  will  be  explained  further  on.  The  weighted 
average  period  is  then 


n-1/2 

£ 

1/2 

m 

n-1 7T 
£ 

1/2 

m 


w0(At) 


m 


w. 


(3) 


in  which  (At)m  =  tBH.1/2  -  tn_1/2 


The  choice  of  scale  factors  in  (2)  makes  the  denominator  in  (3) 
equal  to  unity  (see  Dwight  29)  so 

n-1/2 

average  period  =  £  Vj(ht)  ^ 

1/2 

m 

From  this  will  be  derived  what  is  believed  to  be  the  simplest  pro¬ 
cedure  for  computation. 

A  simpie  formula  for  computation  from  observations  of  lapsed  time. 
From  (3)  we  shall  derive  a  weighting  factor,  in  Figure  6-20 (a) 
which  can  be  applied  directly  to  the  lapsed  time.  We  require  an 
unusual  translation  from  the  odd -half  integral  to  the  integral  values 
of  m.  The  principal  factors  in  the  numerator  of  (3)  are  here  written 
in  full. 
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(n-m+1/2)  (m+1/2)  (t^^j  -  tm-1/2)  (5) 

For  each  integral  value  of  m,  the  time  t  is  multiplied  by  the 
difference  of  two  factors  from  the  above.  First,  for  m+1/2  sub¬ 
stitute  m;  secondly,  for  m-1/2  substitute  m: 

[(n-m+1)  (m)  -  (n-m)  (m+1) ]  t  =  (2m-n)t  (6) 

m  m 

Therefore  we  may  formulate 

average  period  -  I  ,  Wj  -  (7) 

m 

in  which  corresponds  to  the  formula  and  graph  in  Figure  6-20 (a) 
This  linear  weighting  factor  applied  to  the  observations  of  lapsed 
time  has  a  simple  significance  in  computing  the  average  period. 

The  times  for  low  counts  are  subtracted  from  the  times  for  high 
counts  and  this  difference  is  translated  to  the  average  period. 
Some  weight  is  given  to  every  observation  of  time. 

Measurements  for  computation.  Figure  6-22  shows  first  the  observa 
tions  which  are  needed  for  the  computations. 

(a)  From  the  receiver,  the  coding  frequency  is  put  through  a 
limiter  and  crossover  detector  which  delivers  a  pulse  for 
every  crossover  to  be  utilized.  This  may  occur  every  1/2 
cycle  or  one  cycle  or  some  small  number  of  cycles,  depend¬ 
ing  on  the  fineness  required. 

(b)  From  the  receiver,  the  start  and  stop  signals  are  derived 
from  the  scan  transmission.  They  command  the  period  counter 
to  start  or  stop. 

(c)  The  clock  oscillator  is  used  with  a  counter  to  evaluate  the 
lapsed  time  from  the  initial  (zero)  crossover  to  each  of  the 
succeeding  crossovers. 
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(d)  At  the  stop  signal,  the  last  count  (m)  is  identified  (n)  and 
stored  for  computations. 

A  procedure  for  computation.  Figure  6-22  shows  also  a  computation 
procedure  in  accordance  with  (7) .  In  the  numerator  there  are  two 
parts: 

(a)  t  is  summed  in  process. 

(b)  mtm  is  summed  in  process,  then  the  sum  is  multiplied  by  2/n 
at  the  end. 

These  correspond  to  (a)  and  (b)  in  Figure  6-21,  but  are  not  strictly 
parallel.  Their  difference  is  utilized  for  final  computation  of  the 
average  period.  This  procedure  is  completed  in  one  scan.  If  multi¬ 
scan  averaging  is  used,  that  should  be  a  separate  computation. 

Symbols  for  computation  of  performance. 

n  w  number  of  counts  in  one  scan  period 
m  =  cycle  count  of  crossovers  (0  to  n) 
tm  =  lapsed  time  from  0  to  m  count 
Tfi  =  scan  period 

T  -  count  period  computed  by  simple  average  (constant  weighting 

cl 

factor) 

Tw  =  count  period  computed  by  weighed  average  (parabolic  taper) 
f.  =  1/T  =  frequency  beanwidth  (BW) 

Af  =  frequency  difference  of  indirect  and  direct  signals 
k  =  Af  Tfl  •  Af/f^  =  frequency  difference  in  BW 

=  number  of  cycles  of  relative  rotation  during  one  scan  period 
p  =  amplitude  ratio  of  indirect/direct  signals  (small,  say  <  1/2) 

Note  (m) :  While  defined  as  one  count  every  2v  radians ,  it  may  be 
any  number  of  tr;  it  is  to  be  regarded  as  a  continuous  variable 
over  many  counts  (n)  filling  one  scan  period. 
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Note  (Af) s  This  frequency  difference  may  be  caused  by  frequency 
coding  at  a  different  angle  and/or  Doppler  shift  by  path-differ¬ 
ence  speed;  it  is  regarded  as  constant  during  one  scan. 

Note  (p) :  This  is  equal  to  the  phase  modulation  (fraction  of  a 
radian)  caused  by  the  superposition  of  the  indirect  signal  (p) 
on  the  direct  signal  (1)  with  some  frequency  difference 
(Af  -  kfx  =  k  BW) . 

The  direct  and  indirect  signals#  out  of  the  crossover  detector. 
Over  the  period  of  one  scan,  the  crossover  timing  is  taken  to  be 
perturbed  by  the  phase  modulation  caused  by  the  indirect  signal, 
as  follows; 

t  «  i  T  (m  +  £—  sin  2irkm/n  +  £—  cos  2irkm/n)  (8) 

m  ns  2ir  2ir 

The  amplitude  ratio  is  divided  between  two  parts  in  quadrature: 

p  *  -y/  p 1  +  p "  ( 9 ) 

/ 

The  ratio  between  the  parts  is  determined  by  the  phase  difference 
at  the  start  of  the  scan  period.  The  angle  of  relative  rotation 
is  k  cycles  during  n  counts.  The  rotation  is  taken  to  be  propor¬ 
tional  to  the  count.  This  is  a  close  approximation  in  th  '  range 
of  interest,  namely,  a  frequency  difference  much  less  than  the 
coding  frequency  being  counted. 

The  computation  with  constant  weighting  factor.  As  a  reference, 
the  computation  is  here  performed  without  a  taper.  This  is  the 
simple  counting-and-timing  (TIC) method.  The  average  period  of 
count  is 

T  *  ~(t„  -  t  J  *  i(^  T  )  (n  +  £-  sin  2 irk  +  £^(cos  2Trk 

a  n  n  o  n  n  s  2it  2ir 

»  -  T  |1  +  — (p'cos  irk  -  p"sin  irk)  sin  irk) 

n  s  nn 


-  D] 
(10) 
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Since  one  count  is  known  to  correspond  to  one  BW,  the  error  in  BW 
has  this  frequency  envelope  for  all  values  of  initial  phase  angle: 

sin  irk  (11) 

The  computation  with  parabolic  weighting  factor.  Following  the 
procedure  above,  we  substitute  for  the  step  summation  (7)  a  con¬ 
tinuous  integration.  Then  the  weighted-average  period  of  count  is 


n  n 

Tw  =  HVm  “  “Tj(2m  ’  n)tmdir 


Performing  this  integration  and  again  expressing  in  terms  of  the 
half-angle  rck, 

Tw  =  n  Ts*1  "  mr  fk^0'COS  ^  “  p"sin  *10  (cos  1Tk  “  ^  si’*  *k>  1 

(li) 

Here  the  error  in  BW  has  the  frequency  envelope, 

&  ht{cos  ffk  ■  lie sin  1Tk)  U4> 

See  Figure  6-19.  The  envelope  of  the  frequency  envelope,  which  is 
p/ir  in  (11)  withov t  taper,  is  here  multiplied  by 

W  -/ 1  +  (1/nk)2  (15) 

This  factor  may  be  used  to  indicate  the  amount  of  reduction  of  the 
error  by  the  tapered  filter.  For  a  frequency  difference  of  k  BW, 
if  k  >  1,  this  envelope  is  about  1 A •  This  is  similar  to  the  effect 
of  one  added  resonance. 


The  limiting  case  of  small  frequency  difference.  If  the  frequency 
difference  approaches  zero,  the  frequency  envelope  approaches  a 
constant  slope  that  is  independent  of  the  weighting  factor.  In 
both  (11)  and  (13) ,  the  frequency  envelope  of  the  error  (in  BW) 
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becomes  pk.  This  value  has  mathematical  significance  for  checking 
the  relative  coefficients  of  different  formulas.  It  has  little 
practical  significance,  because  this  amount  of  error  is  so  small. 

The  RMS  error  for  various  conditions.  Under  the  envelope  of  the 
frequency  envelope,  there  are  two  sinusoidal  variations  whose 
phase  may  be  regarded  as  accidental  if  k  >  Is 

(a)  The  initial  phase  difference,  related  to  p'/p"- 

(b)  The  cumulative  phase  difference  over  one  scan,  2vk. 

Then,  the  RMS  value  ("one  sigma")  is  1/2  the  envelope  of  (11)  or 
(14)  . 

The  effect  on  the  error  caused  by  random  noj.se.  The  frequency  en¬ 
velope  for  the  filter  multiplies  the  random-noise  modulation  by 
the  factor  (14)  instead  of  the  corresponding  factor  (11) .  This 
factor  has  a  constant  envelope  over  the  frequency  spectrum.  The 
filter  factor  has  a  frequency-selective  envelope  (14)  which  may  be 
compared  with  (11)  to  state  its  effective  bandwidth.  One  easy 
method  of  computation  is  to  sample  (14)  squared  at  every  half- 
integral  value  of  k  and  sum  the  two  series  (Dwight  48.002  and 
48.14).  Referred  to  the  average  frequency  density  of  (11)  squared, 
the  effective  (noise)  bandwidth  of  the  filter  is  6  BW  or  ±  3  BW 
from  zero.  The  result  of  the  filter  is  a  reduction  of  noise  error 
in  the  ratio 


6 _ 

of  BW  of  coverage 


(16) 


The  denominator  may  be  between  20  and  120,  in  which  case  the  noise 
error  may  be  reduced  by  a  factor  between  0.55  and  0.22.  This  rule 
is  applicable  during  the  time  that  the  noise  is  weaker  than  the 
resultant  of  direct  and  indirect  signals,  before  the  limiter  and 
therefore  before  this  narrowband  filter. 
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Comments.  The  computer-type  filter  is  evaluated  to  show  its  effect 
in  reducing  the  measurement  error.  The  error  caused  by  an  indirect 
signal  is  reduced  if  the  frequency  difference  is  greater  than  about 
5/4  BW,  as  appears  in  Figure  6-19 (d).  The  ratio  of  reduction  is 
about  what  one  would  expect  from  adding  one  resonance  in  a  filter. 
The  filter  is  essentially  a  computer  implementation  of  the  socalled 
"transversal  filter"  used  for  time-domain  synthesis  of  a  frequency- 
selectivo  filter.  Here  the  signal  to  be  filtered  is  one-dimensional 
(time  only,  not  amplitude)  so  the  computation  is  simplified. 
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10.  The  Residual  Errors. 


General.  The  problems  relating  multipath  end  shadowing  have  been 
described  in  terms  of  the  situations  in  which  they  may  arise,  and 
the  remedies  that  may  be  available.  Here  we  shall  review  these 
situations  and  arrive  at  some  numerical  values  that  may  be  repre¬ 
sentative  of  the  remaining  problems  and  the  residual  errors. 

Shadowing.  There  are  some  locations  where  shadowing  may  be  present, 
so  the  MLS  signal  will  not  reach  the  receiver  with  sufficient  am¬ 
plitude  and  purity.  These  are  predictable  situations,  which  may  be 
present  in  some  AZ  paths  far  from  centerline  but  not  in  EL  paths. 

The  MLS  cannot  be  relied  on  if  the  receiver  is  in  shadow,  so  the 
concept  of  residual  errors  is  not  applicable. 

Multipath  before  filtering.  There  have  been  described,  various 
situations  where  a  substantial  indirect  signal  may  be  reflected 
in  some  direction  within  the  coverage  region.  (Each  such  case  is 
usually  associated  with  a  shadow  in  another  direction.)  If  the 
indirect  signal  is  weaker  than  the  direct,  which  is  nearly  certain, 
we  can  rely  on  these  properties  of  the  Doppler  system: 

(a)  The  reference  carrier  will  remain  intact,  though  it  may  be 
subject  to  contamination. 

(b)  The  angle  tone  will  be  identified,  though  it  may  be  subject 
to  an  error  in  decoding. 

(c)  Whatever  angle  error  may  be  caused  by  multipath,  it  will  be 
less  than  one  beamwidth,  and  typically  much  less  in  view  of 
the  probabilities  of  several  reducing  factors. 

It  is  concluded  that  the  angle  observed  without  selective  filter¬ 
ing  is  nearly  certain  to  be  close  to  the  correct  angle,  so  it 
could  be  relied  on  for  placement  of  a  filter  having  a  bandwidth 
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at  least  as  great  as  several  beamwidths.  This  is  true  of  the  fisted 
filters  that  are  here  proposed  for  reducing  the  multipath  problem. 

Space  filtering  for  the  reference  carrier.  Except  for  shadowing, 
there  is  adequate  assurance  of  the  integrity  of  the  reference  car¬ 
rier  in  all  directions  of  coverage.  This  includes  the  proposed 
space  filtering  of  the  radiation  for  emphasis  of  the  carrier  near 
the  centerline  direction,  to  give  extra  assurance  against  carrier 
contamination  in  this  direction.  This  should  avoid  appreciable 
carrier-related  angle  error  in  thir  most  critical  region.  There 
will  be  further  mention  of  such  error,  adding  further  assurance 
that  it  is  not  appreciable. 

Fixed  prefilters  for  the  angle  tone.  Each  of  the  proposed  pre¬ 
filters  admits  a  fixed  frequency  band  including  a  half-sector  or 
a  narrow  angle  near  centerline.  The  prefilter  i9  located  ahead 
of  the  limiter,  as  an  extra  protection  against  temporary  capture 
of  the  limiter  by  a  stronger  indirect  signal.  Such  an  occurrence  ^ 

is  unlikely  but  conceivable ,  perhaps  as  a  coincidence  of  differ¬ 
ent  indirect  signals  in  some  region  of  apace.  The  prefilter  in¬ 
herently  serves  to  protect  against  angle  error  from  an  indirect 
signal  outside  its  passband.  A  moderate  amount  of  attenuation 
(say  1/4  to  1/16)  is  sufficient  to  fully  protect  against  capture 
and  against  appreciable  error  from  directions  outside  the  pass- 
band.  (Tn  this  evaluation,  there  is  no  tracking  prefilter  or  self¬ 
tracking  digital  pcstfilter,  because  there  is  little  or  no  remain¬ 
ing  need  that  might  justify  the  extra  cost  in  the  receiver.) 

Inbeam  multipath.  In  some  cases,  the  indirect  signal  may  be  coded 
for  an  angle  only  slightly  different  from  the  direct  signal.  This 
is  extremely  unlikely  for  any  strong  indirect  signals  in  AZ,  but 
the  EL  coding  is  inherently  susceptible  to  inbeam  multipath  when 
the  receiver  is  at  a  small  height.  In  such  a  case,  frequency  fil¬ 
tering  is  ineffectual  but  space  filtering  is  proposed  for  angle 
sidebands  as  well  as  the  reference  carrier.  Also  motion  averaging 
is  found  to  be  effectual  in  this  situation.  Near-beam  and  inbeam  ) 
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multipath  will  here  receive  special  attention,  leading  to  the  con¬ 
clusion  that  the  proposed  measures  will  hold  the  residual  t-rors 
well  within  tolerance. 

A  cyclic  time  profile  of  error.  In  various  ways,  the  time  profile 
of  a  residual  error  may  be  cyclic  at  a  frequency  such  that  the 
error  tolerance  is  decreased.  This  may  result  from: 

(a)  receiver  motion  through  the  multipath  interference  pattern 
in  space? 

(b)  the  correlation  of  this  interference  frequency  with  the 
sampling  frequency  of  angle  data. 

These  considerations  will  be  included  where  relevant. 

Evaluation  of  residual  errors.  The  error  eventually  appears  in  a 
time  profile  where  its  significant  characteristics  are: 

(a)  amount, 

(b)  form, 

(c)  duration, 

(d)  timing  of  occurrence  in  the  flight  path, 

(e)  probability  of  occurrence. 

A  few  examples  will  be  given  with  reference  to  these  factors. 

A  relation  between  RMS  and  upperbound  values.  A  numerical  estimate 
usually  involves  considerations  of  both  RMS  (one  sigma)  and  upper- 
bound  (UB)  values.  In  some  cases,  the  RMS  is  so  much  less  than  the 
UB  that  it  may  be  inadequate  as  a  practical  evaluation.  A  rule  is 
here  proposed  and  used,  which  appears  to  be  helpful  in  such  a  case, 
as  follows: 

(a)  If  the  RMS  value  is  less  than  1/4  the  expected  UB  value, 
then  1/4  the  UB  is  stated  as  the  RMS  value. 
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In  recent  studies,  this  ha3  appeared  to  yield  a  reasonable  value- 
for  comparison  with  other  values  logically  computed  as  RMS .  It 
is  justified  if  we  make  this  assumption: 

< b )  P.  tolerance  stated  in  terms  of  sigma  permits  an  extreme 
deviation  of  4  sigma. 

In  the  normal  distribution  of  errors,  exceeding  this  extreme  has  a 
probability  of  2/15000.  The  use  oi  this  rule  is  a  safeguard  acainst 
using  the  RMS  literally  in  a  case  where  it  might  give  an  error,  us 
impression  of  too  small  an  error. 

Numerical  values.  As  will  be  detailed  in  Section  14,  the  multi- 
path  residual  errors  are  mostly  small  in  amount  and/or  probability, 
as  follows: 

(a)  Near-centerline  errors  ire  typically  around  0.01  BW  (RMS'  which 
is  so  small  that  any  peculiarities  are  not  important. 

(b)  Far  from  centerline,  there  is  a  conceivable  AZ  error  of  about 
0.05  BV7  (RMS),  which  is  unlikely  to  occur  at  all,  and  ar.y 
occurrence  is  a  predictable  feature  of  the  runway  environment. 

The  next  few  sections  give  some  rules  and  formulas  used  to  estimate 
the  errors. 
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11.  The  Error  Formula. 


Purpose.  The  multipath-error  formula  to  be  described  here  is  based 
on  an  idealized  case  so  defined  as  to  bring  out  several  factors 
that  are  essential  and  separable  in  predicting  the  error.  It  is 
intended  to  be  helpful  in  understanding  the  Doppler  Mi-S  behavior 
toward  multipath  and  in  estimating  the  residual  error*.  The  for¬ 
mula  is  to  be  applied  after  taking  j.nfco  account  any  space  filtering 
and  frequency  filtering  that  may  be  utilized  ahead  of  the  angle- 
tone  frequency  measurement  (limiter,  etc.)  in  the  receiver. 
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Symbols . 

t  =  time  (variable) 

Tg  *  1/f s  =  period  of  one  scan 

Tc  =  time  delay  of  path  difference  (indirect  minus  direct) 
(at  t  =  0  if  moving  model) 
f  =  frequency  (Hz) 

w  "•  2rrf  =  radian  frequency  (radians/sec) 

<ju  =  radian  frequency  of  reference  carrier 
uiq  =  arjle  coding  at  zero  angle  (centerline) 
wod  =  uo  +  ud  ~  angle  coding,  direct  path 
u>om  =  +  uim  =  angle  coding,  indirect  path 

®  angle  coding  difference 

Wp  =  radian  frequency  of  increasing  path  difference 
(carrier  radians/sec) 

(positive  on  AZ  centerline  approach) 
m  =  modulation  factor  of  each  sideband 
p  =  amplitude  ratio,  indirect/direct  paths 
S  =  number  of  scans  in  one  multiscan 

4>c  «*  carrier  phase  angle  relative  to  average  of  pair  of 
sia  sbands 

BW  =  any  quantity  corresponding  to  one  beamwioth  of  angle 

A  r  B  +  C  =  angle  error  (fraction  of  BW) 

A  =  even  term,  sideband  multipath 

B  =  odd  term,  sideband  multipath 

C  *  odd  term,  reference-carrier  multipath 

SEDS  =  sequential  dual  scan  (alternating  s j ngle-sideband) 
SIDS  =  simultaneous  dual  scan  (double-sideband) 
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The  physical  model  for  the  formula.  Referring  to  Figure  6-23,  the 
reference  carrier  and  the  angle-coding  sidebands  are  radiated  from 
the  ground  transmitter  (T)  and  reach  the  airborne  receiver  (R)  by 
two  paths.  The  indirect  path  is  off  the  straight  line,  by  reflec¬ 
tion  from  an  obstacle  (A) .  The  paths  are  coaod  differently: 

(a)  The  direct  path  is  coded  for  the  one  direction  (fQ  +  f^) , 

(b)  The  indirect  path  is  coded  for  a  different  direction  (f  +  f  ) . 

o  m 

The  angle-coding  signal.  These  are  the  essential  properties  of  the 
angle-coding  signal  in  space, 

(a)  Referring  to  the  description  of  the  signal  format,  the  signal 
form  is  SEDS,  which  is  the  option  proposed  in  SC-117  and 
herein.  The  same  formula  is  also  applicable  to  SIDS  by 
merely  removing  the  terms  peculiar  to  SEDS,  as  will  be  noted. 

(b)  There  is  a  multiscan  format  comprising  S  repeating  scans, 
which  means  S/2  pairs  in  SEDS. 

(c)  For  simplicity,  the  radiation  of  carrier  and  sidebands  is 
assumed  to  come  from  a  common  phase  center,  with  the  same 
phase  at  midscam.  This  is  not  a  condition  for  validity. 

The  path  difference.  The  path-difference  time  (Tc)  determines 
the  relative  phase  of  wave  arrival.  Its  variation  with  motion 
in  time  is  the  path-difference  speed  (v  )  which  is  expressed  in 

r 

wavelengths  to  define  the  path-difference  frequency  (f^) ■  This 
is  usually  caused  mainly  by  the  motion  of  the  receiver  (R)  and 
only  incidentally  by  any  motion  of  the  obstacle  (A) .  The  time 
variation  of  the  path-difference  speed  is  negligible  during  one 
multiscan,  so  it  is  ignored  in  the  formula.  This  variation  will 
be  discussed  further  on  in  relation  to  the  sampling  frequency. 

The  frequency  measurement.  The  frequency  is  measured  by  uniscan 
counting  and  timing  in  each  scan,  then  summing  both  over  all  the 
scans  in  a  multiscan,  then  taking  the  quotient.  This  yields  the 
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(b)  Phase  Error. 


Figure  6-23.  Model  for  Computation  of  Multipath  Error 
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multiscan  average  frequency,  without  any  error  attributable  to 
granularity  in  counting.- 

The  direct  and  indirect  signals.  Referring  further  to  Figure  6-23, 
the  signals  may  be  expressed  as  follows: 

Carrier  sideband  (t)  (1) 

Direct:  exp  j  (<dct  +  <J>c) 

n  exp  j  (a  ±u)  ±u,)  t 
c  o  a 

Indirect:  p  exp  j  £  Coj  — )  t  -  ai  T  +  4  ] 

c  p  c  c  c 

pm  exp  j  [  (u)c±u)o±wm-Up)  t 

The  expression  of  multipath  phase  distortion.  For  the  first-order 
effects  of  the  indirect  signal  (p  <<  1,  Bay  p  <  1/2)  we  note  sepa¬ 
rately  the  phase  perturbation  of  each  component  of  the  direct 
signal: 


(2) 


(id  iio  injJT  1 
come 


Carrier: 


p  sin  (-  u)pt  -  wcTc) 


(3) 


Sideband  (±)  :  p  sin  [  )  t  -  (^c±u0±iJm)  TCJ 


(4) 


These  two  pares  are  applied  to  a  prjduct  detector,  which  adds  these 
components  of  phase  perturbation. 
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The  error  in  uni a can  frequency  measurement .  In  one  scan,  the 

counter  and  timer  senses  a  timing  error  at  each  end  of  scan.  See 

Figures  6-23  and  6-3.  It  may  be  computed  for  either  sideband 

(-  LSB  or  ♦  USB) .  The  net  error  is  the  difference  of  the  phase 

perturbations  at  the  two  ends,  (4)  minus  (3) .  This  difference  is 

taken  over  a  time  interval  of  one  scan  (T  ) . 

8 

The  error  in  sequential  dual  scan  (SEDS) .  Here  the  error  is  com¬ 
puted  for  two  consecutive  scans  with  opposite  s '.dr-bands.  The  time 

intervals  are  a  pair  of  scans  centered  on  zero  vimo  («’’  to  0, 

8 

0  to  t  T  ) .  The  net  error  is  the  sum  of  four  pairs  of  sine  terms, 
s 

These  terms  give  the  frequency  spectrum  but  do  not  give  an  under¬ 
standing  of  the  composite  behavior.  The  sum  is  reduced  to  a  few 
product  terms  by  separating  similar  angles  into  sum  and  difference 
pairs,  and  quadratic  factors  (cosine  and  sine) .  The  result  will 
be  given  as  three  product  terms  with  separable  meanings. 

The  effect  of  multiscan  averaging.  Every  scan  behaves  alike  ex¬ 
cept  for  the  motion  frequency  u>p.  The  average  of  S  scans  (S/2 
pairs)  shows  the  effect  of  multiscan  averaging,  a  behavior  that  is 
peculiar  to  the  proposed  Doppler  MLS.  The  average  is  obtained  by 
summing  a  series  of  S/2  periodic  terms  equally  spaced  In  frequency. 

Relations  in  terms  of  physical  concepts.  Some  relations  are  noted 
here  for  simplification  and  for  correlation  with  physical  concepts, 

(a)  It  is  easily  showr.  that  a  phase  perturbation  of  p  (radians) 
at  one  end  of  one  scan  may  yield  an  error  as  great  as  p/2u 
beamwidths  in  frequency  and  angle.  This  error  at  both  ends 
of  one  scan  may  add  up  to  p/ir.  Therefore  each  pair  of  phase 
errors  will  be  expressed  as  a  fraction  of  one  bearawidth, 
aith  the  coefficient  p/ir. 

(b)  The  direct  and  indirect  coding  is  reduced  to  the  difference 
frequency 
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fmd  “  fm  -  fd 

and  f  .T  is  the  number  of  beamwidths  by  which  the  indirect 
tna  s 

direction  of  radiation  and  angle  coding  differ  from  the  direct. 

(c)  The  modulation  envelope  of  the  indirect  signal  has  the  coding 
modulation  frequency 

f  =  f  +  f 
om  o  m 

and  £ _ T  is  the  number  of  these  cycles  in  the  path  differ- 

om  c 

ence .  This  frequency  being  much  lower  than  the  carrier  fre¬ 
quency,  the  envelope  in  space  is  a  "long  wave". 

(d)  Th'»  carrier  frequency  and  the  path  difference  give  f  T  as 

C  C 

the  number  of  wavelengths  of  path  difference.  This  deter¬ 
mines  the  space  pattern  of  interference  of  "short  waves". 

(e)  The  path-difference  motion  frequency  (fp  =  Vp/X)  and  the  scan 
period  give  fpTg  as  the  notion  frequency  in  beamwidths.  This 
will  be  related  to  "grating  lobes"  in  multiscan  motion 
averaging. 
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Thejnultipath  error  formula  The  sum  of  the  following  three  parts 
is  the  multipath  error  expressed  as  a  fraction  of  one  beamwidth. 

(A)  Sidebands,  even  term. 

(B)  Sidebands,  odd  term. 

(C)  Carrier,  odd  term. 


5 

p  sin  ^  . 

+  ?  s'  Sin  L  f  Sin  ^Ts  COSUomTc  +  KTs>  cos<“cTc 
2  p  s 


jT  ) 

2  md  s 


0  sin  ^ 

J  s  cos  lIpT?  Sln(“cTc  +  KV  sln(“=Tc  -  kdV 


.  p  8in  rPTs 

n  z  i 

S  cos  ito  T 
2  p  s 


COS  0 


sin  (0 


+  sW  sin<wcTc  '  0) 
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(D)  This  coefficient  is  the  upperbound  of  each  term. 

(E)  The  motion-averaging  factor  will  be  discussed  further.  This 
factor  gives  each  term  the  "even"  or  "odd"  designation. 

<F)  The  angle-coding  factor  reflects  the  modulation-frequency 
difference  between  indirect  and  direct  signals. 

(G)  The  long-wave  factor  includes  (G1)  the  subcarrier  modulation- 
envelope  phase  delay  in  the  extra  path  distance  of  the  in¬ 
direct  signal.  It  also  includes  (G")  the  carrier  phase  shift 
by  motion  from  one  scan  to  the  next. 

(H)  The  short-wave  factor  includes  (H')  the  carrier  interference 
pattern  in  space.  It  also  includes  (H")  the  angle-coding 
phase  difference  seen  also  in  (F) . 

The  application  to  SEDS  or  SIDS.  As  mentioned  above,  the  formula 
is  derived  for  SEDS  with  a  product  detector  responding  to  the  re¬ 
ceived  sidebands  and  reference  carrier.  This  case  requires  all 
three  parts.  Each  part  is  subject  to  some  simplification  in  dif¬ 
ferent  cases,  as  follows: 

(A)  This  part  gives  the  entire  error  for  SIDS,  because  the  other 
two  parts  reflect  the  motion  between  upper  and  lower  side¬ 
bands  in  SEDS.  Furthermore  (A)  is  simplified  by  removing  tne 
angles  (G")  and  (H")  which  also  reflect  this  motion. 

(C)  This  part  gives  the  error  that  may  be  caused  in  SEDS  by  de¬ 
tection  with  the  received  carrier  subject  to  raultip^ch  motion 
contamination.  If  a  STALO  (stable  local  oscillator)  at 
nearly  the  same  frequency  is  substituted  for  the  received 
carrier,  (C)  is  excluded. 
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These  simplifications  may  be  summarized: 

For  SIDS,  use  (A)  simplified,  delete  (B)  and  (C) . 

For  SEDS  with  STALO,  delete  (C). 

These  simple  rules  are  enabled  by  the  expression  of  the  error  in 
"modal"  form,  such  that  (A)  and  (B)  are  orthogonal  and  (C)  gives 
separately  the  effect  of  motion  contamination  of  the  carrier.  In 
a  stationary  model,  SEDS  and  SIDS  become  equivalent  so  only  part 
of  (A)  remains.  It  is  seen  that  the  motion  effects  are  essential 
to  the  error  computation  for  either  SEDS  or  SIDS. 

The  motion-averaging  factor.  A  particular  feature  of  Doppler  Ml.S 
is  motion  averaging  over  a  multiscan  (S  scans  or  S/2  pairs) .  This 
factor  (E)  is  less  than  unity,  and  may  be  much  less  over  a  range 
of  conditions.  It  is  so  important  that  its  peculiarities  will  be 
discussed  in  a  separate  section. 

The  angle-coding  factor.  The  indirect  and  direct  angle-coding 
modulation  frequencies  differ  by  a  number  of  beamwidthc  (few  or 
many) .  The  angle-coding  factor  (E)  reflects  this  difference  and 
is  typically  accidental  in  occurrence. 

Interaction  of  coding  and  motion  frequencies.  In  the  "modal"  terms 
of  the  error  formula,  the  spectral  components  of  the  modulation  fre¬ 
quency  are  combined  and  not  separately  identified.  The  path-dif¬ 
ference  variation  may  cause  the  apparent  coding  frequency  to  shift 
oppositely  in  the  opposite  (±)  sidebands.  Figure  6-24 (a!  shows 
the  angle-coding  factor  (F)  in  tne  first  line  (A)  as  it  would 
appear  for  only  one  of  a  pair  of  scans  in  SEDS.  The  RMS  level  re¬ 
flects  also  the  short-wave  factor  (H) .  In  SEDS,  the  alternate 
sidebands  of  the  indirect  signal  are  spi.it  into  a  pair  of  modula¬ 
tion  frequencies,  which  would  be  relevant  to  any  filtering  after 
the  detector.  See  Figure  6-24  (b)  and  (c)  .  Typically  the  motio.i 
shift  of  frequency  is  of  the  order  of  1  EW  or  less,  so  it  is  not 
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(a)  Angle  Error  in  a  Single  Scan. 
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(b)  Composite  Frequencies  for  Coding  Frequency  Greater. 
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(c)  Composite  Frequencies  for  Motion  Frequency  Greater. 


Figure  6-24.  Relations  between  Decoding  Error  Factors  and 
the  Frequency  Difference  of  Indirect  and  Direct  Signals 
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likely  to  be  noticeable.  In  STDS,  this  effect  is  absent  if  the  two 
sidebands  are  compared  directly  for  deriving  the  modulation 
frequency . 

The  long-wave  factor.  This  factor  (G)  reflects  the  envelope  phase 
difference  between  direct  carrier  and  indirect  sidebands.  This 
angle  determines  how  the  multipath  distortion  is  divided  between 
phase  and  amplitude  perturbation;  only  the  former  appears  as  an 
error.  The  two  component  angles  (O'  and  G" )  may  both  have  appre¬ 
ciable  effect  in  SEDS ,  but  the  latter  is  deleted  for  SIDS.  If 
both  angles  are  small,  the  (E )  and  (C)  terms  may  be  negligible. 

This  corresponds  to  small  path  difference  and  path-difference 
speed,  as  in  a  centerline  approach  while  still  far  from  the  runway. 
The  modulation  frequency  is  near  100  KH?. ,  so  the  long-wave  length 
is  about  10  Kft.  The  path  difference  is  typically  less  than  1/4 
wavelength  or  2500  ft,  for  which  either  sine  or  cosine  may  be 
greater. 

The  short-wave  factor.  This  factor  (11)  reflects  the  carrier-wave 
interference  pattern  in  space  and  its  changing  effect  from  one 
scan  to  the  next.  Typically  the  flight  path  is  crossing  the  grid 
of  hyperbolic  contours  of  constant  path  difference.  The  frequency 
of  crossing  is  the  path-difference  frequency,  which  is  typically 
less  than  1  to  3  BW,  usually  much  less.  At  distances  moderately 
far  from  the  runway,  this  causes  a  cyclic  variation  of  the  error 
in  a  frequency  range  that  may  be  objectionable  (of  the  order  of 
1  Hz).  In  gereral,  the  cyclic  variation  may  correlate  with  the 
sampling  frequency,  with  results  to  be  discussed  further  on. 

The  probability  of  all  factors.  In  the  3  lines  (ABC) ,  the  distri¬ 
bution  of  each  factor  may  bo  estimated  as  follows: 
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(E)  From  the  preceding  discussions#  there  are  three  regimes  of 
path-difference  speed: 

(1)  Small  (<  1/4S  BW)  so  the  even  term  (A)  is  not 
reduced  but  the  odd  terms  (BC)  can  be  ignored. 

(2)  Moderate  (around  1/4  BWj  so  all  terms  are 
reduced  to  a  small  fraction  (about  1/S) . 

(3)  Variable  (around  1/2  to  3  BW)  so  there  are 
critical  conditions  where  a  GL  occurs  with 
very  small  duration. 

(F)  The  angle-coding  difference  is  nearly  always  accidental. 

(G)  The  long-wave  factor  usually  includes  a  small  angle  (within 
the  first  quadrant)  but  also  the  path-difference  speed  in 
one  of  the  three  regimes  mentioned  above  (E) . 

(H)  The  short-wave  factor  includes  a  carrier  angle  which  is  acci¬ 
dental  but  also  a  coding-difference  angle  which  affects  its 
relative  phase  in  the  three  terms  (ABC) . 

t 

It  is  apparent  that  the  four  error-reduction  .'actors  have  some  ;;.tt- 
tern  of  correlation,  but  the  pattern  is  not  amenable  to  a  simple 
description . 

The  RMS  value  of  independent  cyclic  factors.  If  N  cyclic  factors 
of  independent  frequencies  are  multiplied,  their  RMS  value  is 
(1/2)N//^.  For  example,  4  factors  hare  an  RMS  value  1/4  the  UB. 

This  number  is  approaching  a  norm-.!  distribution,  the  4-sigma 
value  having  zero  instead  of  0.045  probability  of  being  exceeded. 
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A  rule  for  comparing  UB  with  RMS  errors.  In  the  preceding  Sec¬ 
tion  10,  it  is  proposed  that  a  seldom-occurring  UB  be  identified 
with  the  4-sigma  level  of  error.  The  rationale  is,  that  1/4  the 
UB  is  a  sufficient  allowance  for  an  RMS  value  in  a  nonrandom  situ¬ 
ation  where  the  random  RMS  would  be  much  smaller.  This  rule  will 
be  applied  in  the  regime  (E-3)  above,  where  a  GL  occurs  during  a 
snail  fraction  of  the  time.  For  a  typical  multiscan  (S  =  16),  it 
is  noted  that  the  factor  (E)  alone  has  an  RMS  value  1/4  the  UB, 
and  the  other  factors  would  further  reduce  the  RMS ,  so  i/4  the  UB 
may  be  regarded  as  an  adequate  allowance  for  the  RMS. 


12.  Multiscan  Motion  Averaging. 


The  principle.  The  multipath  error  in  one  scar,  depends  on  the  car¬ 
rier  angle  difference  between  direct  and  indirect  signals. 

If  this  angle  changes  from  one  scan  to  the  next,  an  average  over 
several  scans  tends  to  reduce  the  error.  In  a  multiscan  format, 
this  is  found  to  yield  a  very  helpful  reduction  over  a  range  of 
conditions.  It  becomes  a  particular  feature  of  Doppler  MLS. 

The  motion-averaging  factui  This  factor  <E)  is  found  m  some  form 

in  each  of  the  three  terms  (ABC)  of  the  error  formula.  It  is  ueter- 

mined  by  the  number  of  scans  (S  scans  or  S/2  pairs)  and  the  motion 

angle  (u  T.)  from  one  scan  to  the  next.  Figure  6-25  shows  its 
p  s  • 

value  ana  its  envelope  for  the  path-aif f erence  frequency  in  beam- 

widths  (f  T  )  which  is  equal  to  the  path-difference  speed  in 
P  ^ 

wavelengths  per  scan  period.  Typically  this  is  a  number  less 
than  3;  most  of  the  time  in  one  flight  path  it  is  much  less.  Tt 
h->s  an  even  form  in  (A)  and  an  odd  form  in  (B)  and  (C)  . 

Grating  lobes.  A  peculiarity  of  the  motion-averaging  factor  (E)  is 
the  "grating  lobes"  (GL) .  They  are  so  designated  by  analogy  to  the 
radiation  pattern  of  an  optical  grating,  where  the  cerm  originated. 
That  pattern  has  the  same  mathematica.1  form.  The  grating  lobes 
appear  in  Figure  6-25,  where  the  factor  has  a  value  of  unity.  At 
integral  multiples  of  1  BW,  successive  scans  repeat  so  there  is  no 
reduction  of  error  by  averaging.  This  relation  identifies  the  even 
series  of  GL,  which  appears  in  the  first  line  (A)  of  the  formula. 
This  rule  is  directly  applicable  to  SIDS,  but  also  to  line  (A)  for 
SEDS.  At  odd-half-integral  multiples  of  1  BW,  pairs  of  scans 
rc-  - ’.t  in  SEDS,  giving  *-w«?  odd  series  of  GL  which  appears  in  the 
other  lines  VB,  C) . 


Report  10926 


96 


Report  10926 

The  occurrence  of  even  orating  lobes .  The  first  line  (A)  has  a 
grating  lobe  if  f  Tg  is  an  integral  number  (including  zero) . 

Then  the  other  two  lines  (B,  C)  are  zero. 

0  1  I 

A  (even  GL)  =  +  £  sin  .T  cos  u  T  cos  (w  T  -  =to  ,T  ) 
tt  2  md  s  om  c  c  c  2  md  s 

This  is  relevant  for  a  small  path-difference  frequency  (<  1/4S  BVJ) 
which  is  typical  of  a  centerline  flight  path  at  a  distance  far 
from  the  runway.  live  of  the  three  periodic  factors  are  accidental, 
so  the  RMS  value  is  less  than  p/2r. 


The  occurrence  of  odd  grating  lobes  .  The  other  two  lines  (B,  C) 
have  a  grating  lobe  if  fpTc  is  an  odd-half-integral  number.  Then 
the  first  line  (A)  is  zero. 


B  (odd  GL)  =  +  ;  o  s  ,T  cos  u  T  sin  (u  T  -  .T  ) 
r  2  md  s  om  c  c  c  2  md  s 


C  (odd  GL)  =  -  £  sin  ui  T 

71  Li 


These  tend  to  cancel  out  if  both  u  .T,  and  to  T  are  small;  their 
upperbound  is  2p/ir.  The  odd-GL  terms  are  relevant  only  for  a 
rather  critical  condition.  If  this  condition  occurs  at  all,  its 
duration  is  expected  to  be  very  small.  As  previously  mentioned, 
the  last  line  (C)  goes  out  if  a  STALO  is  used;  then  the  UB  is  p/ir. 


The  UB  and  RMS  values.  The  grating  lobe  is  the  sum  of  S  equal 
cyclic  terms  of  different  frequencies  at  a  time  when  they  are  all 
in  phase.  It  is  so  expressed  that  this  upperbound  (UB)  value  is 
equal  to  unity,  so  its  RMS  value  is  -|/1/S .  For  a  typical  value 
(S  =  16)  the  upperbound  is  "4  sigma''.  This  will  be  discussed 
further  with  reference  to  the  probability  of  the  other  error- 
reduction  factors  in  the  formula. 
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The  Doppler  MTS  is  based  on  a  scan  period  that  is  much  smaller  than 
the  available  time  betwe< n  data  samples.  For  example: 

Scan  period  =  3  or  1  ms 

Multiscan  (S  =  16)  =  48  or  16  ms 

Time  between  samples  -  144  or  7':  ms 

Sample  frequency  =  7  or  1.4  Hz 

The  signal  format  proposed  in  SC-117  and  revised  herein,  allots  to 
each  function  a  minor  part  of  the  available  time,  but  sufficient 
for  a  multiscan  of  many  scans  (16  or  so) .  The  result  is  a  sam¬ 
pling  of  the  angle  data  about  7  or  14  times  per  second. 

With  the  path-difference  speed,  there  are  then  two  distinct 
phenomena: 

(a)  Motion  averaging  over  a  multiscan,  depending  on  the  path- 
difference  frequency; 

(b)  A  repeating  correlation  with  the  sampling  frequency,  depend¬ 
ing  on  the  changing  path-difference  frequency. 

The  former  has  been  described;  the  latter  is  the  subject  of  this 
section. 

Figure  6-18  shows  for  some  cases  the  variation  of  this  motion  fre¬ 
quency  with  distance,  and  hence  with  time,  along  the  flight  path. 

If  continuously  observed,  the  motion  would  cause  a  cyclic  time  vari¬ 
ation  of  multipath  error.  During  any  time  that  the  frequency  is 
above  some  low  value  (say  2  Hz)  the  cycle  variation  could  be  smoothed 
and  the  error  averaged  to  a  much  smaller  value. 
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In  the  sampling  system,  howe-'er,  there  is  a  correlation  signature 
as  the  motion  frequency  sweeps  through  integral  multiples  of  the 
sampling  frequency.  (These  were  discovered  in  computer  runs  of 
Hypothetical  error  situations.)  The  result  is,  that  the  time  pro¬ 
file  of  residual  error  has  dominant  components  between  zero  tmu  i/2 
the  sampling  frequency.  This  is  around  2  Hz  for  7  Hz  sampling.  It 
is  apparent  in  Figure  6-18  that  there  are  various  situations  where 
the  motion  frequency  may  sweep  through  same  multiples  of  7  or  14  Hz. 

Figure  6-26  shows  some  computer  runs  for  sampling  at  one  frequency, 
another  frequency  sweeping  at  a  constant  rate  between  two  integral 
multiples  of  the  sampling  frequency.  Each  of  these  signatures  has 
several  characteristics: 


(a)  The  number  of  cycles  while  sweeping  one  period  (16  in  these 
graphs )  . 

(b)  The  average  frequency  of  these  cycles  is  1/4  the  sampling 
f requency . 

(c)  In  a  practical  situation,  these  two  numbers  are  related  to 
the  time  between  coincidences  in  frequency  (time  =  number  t 
average  frequency) . 

(d)  Which  signature,  is  determined  by  the  accident  of  phase  cor¬ 
relation  at  the  instants  of  coincidence.  Four  cases  are 
shown . 


The  graphs  shown  happen  to  be  representative  of  this  example: 


Sample  frequency  =  7  Hz 

Maximum  frequency  of  cycling  =  3.5  Hz 

Average  frequency  of  cycling  -  1.75  Hz 

Time  between  coincidences  =  9  sec 

Receiver  travel  between  coincidences  »  1800  ft 


0 . 3  nmi 


The  cyclic  variation  here  passes  through  the  average  frequency  in  a 
very  few  cycles  so  it  should  not  be  objectionable  in  a  contiol 
system. 
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Figure  6-18  show-  some  cases  where  a  sv^eep  of  7  Hz  might  occupy  a 
period  as  long  as  miles  and  minutes  It  is  unlikely  that  any 
typical  circumstances  would  ever  cause  such  a  long  signature. 

Two  mathematical  peculiarities  cl  these  signatures  are  interesting. 

(a)  The  net  area  or  "DC  pulse"  is  equal  to  peak  amplitude  times 
the  marked  interval.  It  is  relevant  to  the  reaction  of  a 
control  system.  It  is  determined  by  the  accidental  phase 
already  mentioned.  The  upperbound  i:>  shown  in  (c)  and  it 
can  be  positive  or  negative. 

(h)  In  the  intermediate  time  of  highest  frequency,  the  envelope 
ha-  the  same  shape  as  the  DC  pulse. 

Figure  6-27  shows  one  form  of  smoothing  to  remove  the  highest- 
frequency  cycling.  Each  sample  is  averaged  with  the  preceding 
sample.  This  is  a  time-domain  filter  placing  a  zero  at  that  fre¬ 
quency.  Such  a  filter  has  two  desirable  properties: 

(a)  No  phase  distortion. 

(b)  Minimum  delay  (1/2  the  sampling  period) . 

With  more  delay,  a  more  sophisticated  time-delay  filter  could  be 
deset ibed.  The  simple  pairing  of  samples  is  recommended  as  one 
economical  element  in  the  smoothing  process. 

If  it  should  happen  that  the  motion  frequency  is  nearly  constant 
over  many  seconds,  the  error  might  cycle  continuously  at  some  fre¬ 
quency  between  0  and  1/2  the  sampling  frequency. 

In  4  of  the  5  examples  to  be  presented  for  describing  the  residual 
error,  it  will  be  seen  that  the  sampling  signature  has  so  few 
cycles  as  to  include  no  persistent  cycling  of  the  error. 
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Figure  6-27 .  Sampling  Er 


rnr  Signatures  with  Paired  Samples 
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14.  Time  Profile  of  Residual  Prior. 


The  purpose  of  this  multipath  study  is  to  challenge  the  Doppler  MLd 
as  to  its  susceptibility^  to  angle  errors  from  this  cause.  It.  will 
be  seen  that  the  Hazeltine  baseline  system  includes  features  for 
reducing  such  errors  to  a  tolerable  or  negligible  quantity.  In 
particular,  the  centerline  approach  to  a  long  runway  is  insured 
against  all  risks  that  would  be  expected. 

Shadowing  is  not  considered  further  here,  because  it  is  a  stable 
and  predictable  defect,  in  whatever  degree  it  may  be  caused  by'  the 
airport  environment.  A  centerline  approach  is  immune  from  the  deep 
shadow  of  a  large  building,  and  the  A2  blocking  in  a  moderate  de¬ 
gree  by  another  aircraft  is  preventable  in  operation. 

Diffraction,  as  a  ray?*1  of  indirect  paths  it',  multipath,  is  not  con 
sidered  further  because  it  is  found  to  be  so  small  in  its  effects. 

Reflection  is  the  cause  to  be  considered  further  here.  Figure  6-2 
shows  some  features  for  reducing  this  multipath  problem.  There 
will  be  presented  here  a  number  of  examples  which  have  been  chosen 
to  test  some  situations  not  fully  protected  by  these  features.  In 
each  case,  a  conscious  effort  has  been  made  to  choob.  a  situation 
particularly  susceptible  to  a  residual  error  from  a  well-defined 
cause.  Fach  is  caused  by  a  reflection  from  a  large  hangar  or  a 
large  tail  fin,  located  as  close  to  the  runway  as  would  be  expected 
in  practice. 

Figure  6-28  is  a  chart  of  the  five  examples  to  be  presented.  Each 
one  is  charted  as  to  its  occurrence  in  the  flight  path  (from  right 
to  left)  -  where  in  the  path,  at  what  height,  and  for  what  duration 
Figure  6-29  shows  the  geometry  of  each  example,  and  an  abstract  of 
its  behavior  toward  multipath  error.  The  examples  will  be  outlined 
briefly,  after  which  they  will  be  discussed  in  perspective. 
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A2  Transmitter. 

Largo  hangar  n.'.u  transmitter  ,  corrugated  metal  doors. 
Receiver  at  distance  =  60  Kit 
height  -  1500  ft 


Frrnr  f’R  =  0.1  dog  (along  flight  ri.it  h' 

2  sigma  -■  0-1  (100  ft) 

RMS  =  0.05 

Duration  30  sec. 

Slow  cyclic  variation,  about  2  Hz. 

Note;  This  is  the  extreme  situation  ('.ut likely  ho  occur  at  all) 
in  which  there  is  no  error  reduction  by  space  pattern 
and  frequency  filtering,  and  but  little  reduction  by 
motion  averaging. 


(a)  AZ  Signal  Reflected  by  Hangar  near  Transmitter. 


Fig  ire  6-29.  Examples  of  Signal  Reflections  into  a  Flight  Path 
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4-±  O. •*  DEG  AZ 


ISO&CBb 


tJZ  Transmitter. 

Large  hangar  near  threshold,  corrugated  metal  doors. 

Receiver  at  height  65-80  ft. 

Error  UB  -  0.10  deg  (across  flight  path) 

2  sigma  =  0.05  (10  ft) 

RMS  --  0.02  5 

Duration  1.5  sec  (10  samples) 

Random  vs  -  i  a  t  i.  on  * 

Note:  This  is  an  extreme  (and  unlikely)  situation  in  which  the 

coding  of  the  indirect  signal  is  on  the  edge  of  the  CL 
filter.  The  path-difference  frequency  passes  quickly 
through  the  first  even  GL,  otherwise  the  motion  averaging 
reduces  the  error. 

(b)  A?.  Signal  Reflected  by  Hangar  near  Threshold 


Figure  6-29.  Examples  of  Signal  Reflections  into  a  Flight  Path 

(cont . ) 
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AZ  Transmitter. 

Large  tail  fin  (747)  near  threshold. 

Receiver  at  height  60-100  ft. 

Error  UB  *  0.05  deg  (across  flight  path) 

2  sigma  ■  0.025  (5  ft) 

RMS  =  0.012 

Duration  4  sec  (28  samples) . 

Random  variation. 

Note:  This  is  an  extreme  (but  not  unlikely)  situation  in  which 
the  coding  of  the  indirect  signal  is  accepted  by  the  CL 
filter.  The  patn-ciif  ference  frequency  passes  quickly 
through  each  of  the  first  3  GL,  otherwise  the  motion 
averaging  reduces  the  error, 

(c)  AZ  Signal  Reflected  by  Tail  Fin  near  Threshold 


Figure  6~29.  Examples  of  Signal  Reflections  into  a  Flight  Path 

(cont.) 
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EL-2  Transmitter. 

Large  hangar  near  threshold,  corrugated  metal  door3. 
Receiver  at  heigh  40-90  ft  on  glide  slope  3  deg. 

Err  UB  =  0.005  deg  =  0.01  BW  (in  EL), 

sigma  -  0.002  (0.1  ft) 

RMS  =  0.001 
Duration  5  sec. 

Random  variation. 

Note:  This  is  in-beam  multipath  whose  error  is  reduced  by 
pattern shaping  and  by  motion  averaging  (between  0 
and  1  GL) . 

(d)  EL-2  Signal  Reflected  by  Hangar 


Figure  6-29.  Examples  of  Signal  Reflections  into  a  Flight  Path 

(cont . ) 
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EL-2  Transmitter. 

Large  tail  fin  (707)  near  threshold. 

Receiver  at  height  100-130  ft  on  glide  slope  3  deg. 

Error  UB  «  0.004  deg  »  0.008  BW  (in  EL) 

?  sigma  «=  0.002  <0.2  ft) 

RMS  -  0.001 
Duration  3  sec. 

Random  variation. 

Note:  This  is  near-beam  multipath  whose  error  is  reduced  by 
convex  surface  of  reflector  and  by  motion  averaging 
(between  0  and  1  GL)  . 

(e)  EL-2  Signal  Reflected  by  Tail  Fin. 


Figure  6-?9.  Examples  of  Signal  Reflections  into  a  Flight  Path 

(cont. ) 
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AZ  reflection  from  a  large  hangar  near  the  transmitter  end  of  the 
runway .  Figure  6-29 (a)  shows  an  extreme  situation,  in  which  the 
reflection  cone  is  between  the  shadow  cone  and  the  centerline. 

This  results  from  a  combination  of  circumstances  whose  probability 
of  occurrence  at  one  runway  is  estimated  to  be  l/100u.  The  angle 
error  is  still  within  tolerance  for  the  region  _v;ay  from  centerline 
(taken  as  double  the  tolerance  near  centerline) .  Its  2-sigma  value 
is  100  ft  along  the  flight  path,  or  30  ft  across  the  path.  There 
is  a  slow  cyclic  profile  of  error,  which  goes  through  2ero  every 
5  sec,  this  period  including  about  5  cycles  on  and  5  off.  This 
case  is  notable  because  it  benefits  the  least  from  all  error-reduc¬ 
ing  features  in  the  baseline  system. 

AZ  reflection  from  a  large  hangar  near  the  opposite  end  of  the 
runway .  Figure  6-29 (b)  shows  another  extreme  rituation,  in  which 
the  indirect  and  direct  signals  come  from  nearly  the  same  direc¬ 
tion  at  the  transmitter.  This  results  from  another  combination  of 
circumstances  whose  probability  is  also  very  small  (say  1/500) . 

Then  the  centerline  filter  may  not  be  narrow  enough  to  reject  the 
indirect  signal  by  the  frequency  difference  of  its  angle  coding. 

At  4  degrees,  this  filter  is  assumed  to  reduce  the  indirect  signal 
to  1/2  (as  on  the  edge  of  its  passband) .  The  angle  error  is  still 
within  the  tolerance  for  this  centerline  approach.  Its  2-sigma 
value  is  about  10  ft.  Its  profile  is  irregular,  which  is  the  most 
tolerable,  and  it  lasts  only  1.5  seconds. 

AZ  reflection  from  a  large  tail  fin  near  the  opposite  end  of  the 
runway .  B'igure  6-29  (c)  shows  another  situation  in  which  the  in¬ 
direct  and  direct  signals  come  from  nearly  the  same  direction  at 
the  transmitter.  The  angle  is  so  small  that  the  centerline  filter 
does  not  reduce  the  indirect  signal.  However,  the  peculiarities 
of  the  tail  fin,  together  with  motion  averaging,  do  reduce  the 
error  to  a  value  less  than  1/2  the  tolerance  for  this  centerline 
approach.  Its  2-sigma  value  is  about  5  ft,  and  it  lasts  only  4 
seconds.  Its  irregular  profile  is  particularly  interesting,  so 
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this  case  has  been  chosen  as  an  example  for  a  computer  graph, 

Figure  6-4  to  be  discussed  further  on. 

El-2  reflection  from  a  large  hangar  near  the  threshold.  Figure 
6-29 (d)  shows  a  situation  where  the  residual  error  is  reduced  to  a 
negligible  value  by  space-pattern  shaping  and  multiscan  motion 
averaging.  Incidentally,  it  has  an  irregular  profile  and  lasts 
only  5  seconds.  This  case  is  rotable  because  the  "in-beam"  multi- 
path  cannot  be  reduced  by  a  narrowband  filter. 

EL-2  reflection  from  a  large  tail  fin  near  the  threshold.  A  some¬ 
what  smaller  aircraft  (707)  is  selected  because  its  lower  reflec¬ 
tion  cone  may  cover  the  greatest  segment  of  tie  flight  path.  Here 
the  residual  error  is  reduced  to  a  negligible  value  by  the  com¬ 
bined  effect  of  the  convex  curvature  of  the  tail  fin  and  the  multi¬ 
scan  motion  averaging.  Incidentally,  it  has  an  irregular  profile 
and  la^ts  only  3  seconds. 

EL-1  reflections  are  not  included  among  the  examples,  because  the 
reducing  measures  of  Figure  6-2 (c)  nominally  exclude  the  direc¬ 
tions  of  any  large  obstacle  near  the  runway.  The  EL-1  transmitter 
being  rather  near  the  threshold,  and  its  fan  pattern  being  made 
rather  narrow,  its  radiation  should  not  strongly  illuminate  any 
large  hangar  or  any  large  tail  fin  located  opposite  any  part  of 
the  runway.  If  any  such  reflection  were  to  be  appreciable,  it 
would  be  further  reduced  by  multiscan  motion  averaging. 

The  duration  of  exposure  in  one  cone  of  reflection.  The  occurrence 
of  any  angle  error  attributable  to  multipath  would  fall  in  one  of 
two  categories . 

(a)  Momentary  exposure  while  crossing  a  narrow  cone  of  reflection, 
or  a  wide  cone  at  a  short  distance,  usually  lasting  a  few 
seconds . 
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(b)  Persistent  exposure  associated  with  either  of  these  cases: 

(i)  Figure  6-15  (a) ,  a  cone  in  nearly  the  same  direction 
as  the  flight  path  (conceivable  in  a  centerline  ap¬ 
proach)  .  This  is  excluded  in  the  AZ  function  by  the 
centerline  filter#  and  avoided  in  the  EL  functions  by 
non illumination.  See  Figure  6-2. 

(ii)  Figure  6-15(b)#  a  narrow  cone  at  a  long  distance 
(such  as  5®  at  10  nmi,  lasting  1  nmi  and  30  sec) . 

In  Figure  6-29,  the  AZ  example  (a)  is  the  only  one  showing  persis¬ 
tent  u •cposure  (30  sec)  and  that  is  away  from  centerline.  The 
other  examples  (all  on  centerline)  show  momentary  exposure  (1.5  to 
5  sec)  . 

The  time  profile.  From  6-28,  it  appears  that  the  exposure  to  any 
one  cone  of  reflection  is  likely  to  occupy  a  time  block  which  is 
a  small  fraction  of  the  time  in  any  one  phase  of  the  approach  pat¬ 
tern.  Exceptions  are  avoided  by  the  combination  of  features  for 
reducing  the  problem.  Therefore  there  is  no  need  for  presenting 
a  comprehensive  error  profile  for  the  entire  ap-roach  pattern. 
Instead,  we  emphasize  the  error  profile  in  any  time  block  identi¬ 
fied  with  one  reflection.  Any  overlap  of  time  blocks  from  differ¬ 
ent  causes  is  easily  interpreted. 

Figure  6-29 (c)  is  the  example  chosen  for  showing  its  time  profile, 
because  it  includes  some  interesting  peculiarities.  Figure  6-4 (a) 
and  (b)  describe  this  case  in  more  detail.  The  reflector  is  the 
tail  fin  of  a  large  aircraft  located  on  a  taxiway  near  the  thres¬ 
hold  of  the  runway.  The  approach  pattern  of  the  receiver  (R) 
traverses  a  shaped  cone  of  AZ  reflection,  determined  by  the  tilted 
convex  face  of  the  tail  fin.  It  is  so  located  as  to  include  a 
critical  segment  of  the  approach  pattern,  the  handover  from  EL-1  to 
EL-2  guidance  at  the  transition  from  glideslope  to  flareout.  The 
exposure  to  the  reflection  lasts  800  ft  or  4  sec. 
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The  error  profile  over  the  4-sec  time  block  is  graphed  in  Figure  6-4  (c), 
where  the  sampling  is  apparent.  The  details  in  the  profile  are  re¬ 
lated  to  accidental  initial  conditions  and  numerical  assumptions  in 
the  computer  run,  but  some  characteristics  are  significant: 

(a)  The  peak  values  of  error  happen  to  be  less  than  the  stated 
2-sigma  value  and  less  than  1/2  the  stated  UB.  This  is 
regarded  as  typical. 

(o)  Each  peak  (single  or  pair)  is  identified  with  one  GL  in  the 

motion  averaging  factor.  The  first  3  GL  are  traversed  in  this 
short  time.  The  accidental  other  factors  determine  the  ampli¬ 
tude  of  any  one  GL  (odd  or  even) .  Each  GL  gives  peak  values 
for  only  one  or  two  samples. 

(c)  Between  the  peaks,  the  error  is  reduced  to  a  small  value  by 
motion  averaging. 

(d)  The  profile  is  irregular,  so  it  does  not  pose  any  special 
problems  for  the  control  system. 

(e)  The  error  is  very  small,  less  than  5  ft  either  side  of  center- 
line,  with  no  bias. 

As  previously  mentioned  for  the  sampling-error  signature,  pairing 
of  samples  may  be  used  for  smoothing.  Figure  6-4 (d)  shows  that 
principle  applied  to  this  case.  Here  it  reduces  the  peak  error  to 
about  1/2 . 

The  sampling  effect.  The  AZ  reflection  in  the  first  example. 

Figure  6-29 (a) ,  is  computed  to  experience  a  motion  frequency  of 
about  9  Hz.  From  the  nearest  multiple  of  7  Hz  (the  sampling  fre¬ 
quency)  this  differs  by  2  Hz.  Hence  there  would  occur  a  persis¬ 
tent  cycling  of  the  error  at  about  2  Hz.  In  the  other  examples, 
the  motion  frequency  is  changing  so  rapidly  that  the  period  of  the 
sampling  signature  includes  only  a  few  cycles.  Then  its  form  is 
not  clearly  developed. 
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The  small  probability  of  soma  reflectors.  Figure  6-29  (a)  and  (b', 
are  reflectors  of  A2  radiation,  which  were  consciously  chosen  as 
extreme  cases-  They  exemplify  configurations  where  there  might 
remain  an  error  that  is  substantial,  though  not  exceeding  the 
tolerances.  They  are  not  further  reduced  or  remedied  in  the  base¬ 
line  system  because  their  probability  of  occurrence  is  so  small. 

They  are  discussed  here  to  illustrate  what  this  means  in  a  practical 
airport  environment. 


The  following  table  gives  an  estimate  of  the  probability  that  these 
mutually  independent  circumstances  would  exist,  at  one  long  runway. 

Figure  6-29 
(a)  (b) 


(1) 

A  large  hangar  with  metal  doors  is 
near  the  runway . 

1/8 

1/8 

(2) 

Its  location  is  near  the  end  which 

is  relevant  to  this  case. 

1/8 

1/8 

(3) 

Its  doors  face  the  runway. 

1 

1 

(4) 

Its  doors  are  at  an  oblique  angle 
with  the  runway. 

1/2 

1/2 

(5) 

This  angle  is  such  as  to  make  a 

reflection  cone  within  such  a 

sector  and  with  such  a  height  as 
to  include  the  flight  path. 

1/8 

1/4 

Composite  probability  1/1000  1/500 


This  probability  is  so  small  that  either  of  these  cases  is  regarded 
as  unlikely  to  occur  at  all.  Furthermore,  any  occurrence  of  either 
case  is  stable  and  predictable. 


\ 


y 
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By  way  ol  summary,  an  approach  flight  pattern  may  traverse  some 
reflection  cones  during  time  blocks  occupying  a  small  fraction  of 
the  time.  Each  reflection  cone  involves  radiation  for  one  angle- 
guidance  function  (AZ  et  al) .  During  any  one  time  block,  the 
error  profile  for  this  function  can  be  described  and  evaluated. 

There  are  found,  some  AZ  examples  where  the  residual  error  is  a 
substantial  fraction  of  the  tolerance,  but  these  cases  are  extremely 
improbable  and/or  of  short  duration.  The  EL-2  examples  show  residual 
error  so  small  as  to  be  negligible. 
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15.  Conversion  Table. 

Table  1.  Conversion  Factors  Related  to  the  Doppler  MLS. 

Reference:  Configuration  K,  coding  frequency  proportional  to  angle. 


Angle  coded 

:  az 

EL-1 

EL- 2 

Frequency  band 

C-band 

C-band 

Ku-band 

Frequency  range  (f^) 

MHz 

5190460 

5190+60 

15500+90 

Frequency  (£c)  (approx.) 

MHz 

5000 

.  5000 

15000 

Wavelength  (X  )  (approx. 

)  ft 

1/5 

1/5 

1/5 

Coding  factor  (f^/0) 

kHz/deg 

1/3 

1 

2 

Angle  beamwidth  (0g) 

deg 

1 

1 

1/2 

Frequency  beamwidth  (f^) 

kHz 

1/3 

1 

1 

Scan  time  (T  =  1/f  ) 
s  s 

ms 

3 

1 

1 

No.  of  scans  (S) 

no. 

12 

12 

12 

Function  time  (S  scans) 

ms 

36 

12 

12 

Freq.  shift  for  speed  120  kt  kHz 

1 

1 

3 

Same  in  beamwidths 

BW 

3 

1 

3 

Path-difference  speed  (v 

P)! 

for  f  -  t  =1  BW 

P  s 

P  kt 

40 

120 

40 

ft/s 

;  66 

200 

66 

for  f  =  f  ''S  =  1/S  BW 
p  s 

kt 

3.3 

i 

10 

3.3 

ft/s 

5.5 

1.66 

1.66 

Distance:  1  nmi  -  6000 

ft  (approx.) 

Speed:  1  kt  »  5/3  ft/s 

(approx.  )j  120 

kt  -  200 

ft/s 

Speed  of  EM  wave  in  free 

space:  c  ■ 

1000  ft/ps 

(approx. ) 

) 
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l.l.l.l.F  -  PROPAGATION  AND  POLARIZATION. 

1.  Introduction,  Summary  and  Conclusions. 

A  signal  may  experience  attenuation,  refraction  and  dispersion  as 
it  travels  through  the  propagation  medium  along  the  direct  path 
from  the  transmitter  to  the  receiver.  Some  of  these  effects  may 
impose  limitations  or.  system  performance.  In  addition,  the  polar¬ 
ization  of  the  signal  is  also  a  significant  factor  in  the  system 
design  and  performance.  This  section  discusses  these  phenomena 
as  they  pertain  to  the  MLS. 

Rain  attenuation  is  the  effect  of  most  concern  in  MLS.  It  may 
cause  the  signal  strength  to  fall  below  the  operating  minimum  in 
the  receiver.  Rain  attenuation  is  small  at  C-band  for  AZ  and  EL-1 
signals,  out  to  the  maximum  range  (29  nmi) .  Its  rate  is  much 
greater  at  Ku~band  for  EL-2  signals,  but  this  function  is  required 
out  to  a  much  smaller  range.  At  full  range,  it  is  proposed  to 
allow  20  dB  for  rain  attenuation  at  Ku-band.  In  the  EL-2  function 
in  the  K  configuration,  at  the  most  critical  distance  around  1  nmi, 
it  is  estimated  that  this  value  might  be  exceeded  1.5  hours  per 
year  in  the  most  severe  climate  (Asia).  In  the  AZ  and  EL  functions, 
in  the  portable  configuration,  at  range  of  20  nmi,  the  use  of 
Ku-band  might  exceed  this  allowance  as  much  as  30  hours  per  year  in 
the  most  severe  climate. 

Vertical  refraction  in  the  atmosphere  is  variable  with  the  changing 
values  of  temperature  gradient  near  the  surface.  It  may  cause  a 
random  deviation  in  the  observed  elevation  angle.  The  "two  sigma" 
value  of  the  resulting  angle  is  less  than  the  earth's  curvature, 
which  is  very  small  as  far  as  the  outermarker.  The  earth’s  curva¬ 
ture  would  correspond  to  a  height  error  of  0.3  ft  for  EL-2  at 
touchdown,  or  22  ft  for  EL-1  at  outermarker. 
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Rain  refraction  and  dispersion  effects  are  difficult  to  model  anu 
calculate.  Little  or  no  relevant  experimental  data  is  available 
for  the  relatively  short  and  direct  line-of-sight  paths  of  the  MLS. 
It  is  expected  that  these  effects  will  be  small,  especially  in  the 
most  critical  region  near  the  runway  threshold.  It  is  believed 
that  only  experimental  work  can  provide  meaningful  data.  Such 
tests  might  be  conducted  on  a  low-priority  basis. 

The  polarization  for  the  baseline  system  has  been  chosen  to  be  ver¬ 
tical.  This  selection  is  based  primarily  on  the  behavior  of  a 
radiator  mounted  near  a  large  metal  surface.  Wide  azimuth  cov¬ 
erage  by  a  top  or  bottom  flush  antenna  is  possible  only  with  verti¬ 
cal  polarization.  Another  consideration  is  the  reduction  of  re¬ 
flection  from  some  surfaces  at  an  oblique  angle  not  very  near  normal 
or  grazing  incidence.  At  different  surfaces,  this  might  favor  ver¬ 
tical  or  horizontal  polarization,  but  neither  one  very  strongly  in 
practice.  Circular  polarization  would  give  further  reduction  of 
reflections  in  the  receiver,  but  does  not  appear  to  be  feasible  in 
the  airborne  receiver  antenna. 

In  the  following  Sections,  there  is  a  me  e  detailed  discussion  of 
rain  attenuation,  vertical  refraction,  .  polarization. 
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2.  Rain  Attenuation. 


Some  fundamental  theoretical  work  and  a  great  deal  of  experimental 
work  has  been  performed  for  predicting  the  attenuation  caused  by 
rain.  Much  of  this  work  has  been  summarized  in  several  references 
t 1 ]  (2)  [3]  as  related  to  the  MLS.  The  analysis  preocnted  below 

is  based  on  information  from  these  sources. 

Table  7-1  is  an  outline  of  the  performance  to  be  expected  on  the 
basis  of  one  approach  to  this  problem.  It  includes  functions  at 
both  C-band  and  Ku-band . 


Table  7-1.  Rain  Attenuation  for  Two  Configurations 


Configuration 

K-CTOL 

PORTABLE 

AZ 

AZ 

Function 

EL-1 

EL-2 

EL 

Frequency  (GHz) 

5 

15 

15 

Rainfall 

Attenuation 

Band 

C 

Ku 

Ku 

Rate 

Rate 

(mm/hr) 

(dB/nmi) 

Rain  Attenuation 

— 

Allowance  (dB) 

5 

20 

20 

C  Ku 

28 

2 

2 

50 

0.18  10 

Penetration  (m.i) 

through 

Solid  Rainfall 

more 

6 

6 

15 

less  3 

at  each  Rate 

more 

20 

20 

5 

less  1 

Full  Range  (nmi) 

28 

3.5 

10  or  20 
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Rain  attenuation  at  C-band  is  usually  said  to  be  small,  but  this 
assessment  may  be  undefined.  Ref.  [1]  gives  one  definite  set  of 
graphs  which  are  here  used  for  C-band.  One  point  is: 

C-band  5  GHz 

Rainfall  50  mm/hr  ' 

Attenuation  0 . 18  dB/nmi 

5  dB/full  range  (28  nmi) 

This  rate  is  taken  as  the  average  over  the  entire  distance,  so  the 
probability  of  a  greater  attenuation  should  be  very  small. 

On  the  other  hand,  rain  attenua4 ion  at  Ku-band  is  so  great  that 
full  performance  of  these  functions  cannot  reasonably  be  covered 
during  heavy  rainfall.  Therefore  there  is  proposed  an  allowance 
for  rain  attenuation,  which  is  about  the  greatest  that  might  be 
afforded  in  a  compromise  design.  Then  an  attempt  is  made  to  state 
the  corresponding  distance  through  solid  rainfall  at  various  rates. 
These  estimates  should  be  regarded  in  the  perspective  of  overall 
performance  and  economy.  How  much  investment  is  justified  for 
operation  under  conditions  of  various  levels  of  severity? 

Another  approach  to  the  Ku-band  problem  is  to  be  outlined  with  ref¬ 
erence  to  Figure  7-1  and  Table  7-2.  Reference  [lj  reports  Krason 
[4]  as  authority  for  a  helpful  graphical  presentation  for  evaluation 
of  rain  attenuation.  It  is  reproduced  here  as  Figure  7-1,  after  two 
conversions  (which  leave  the  graph  the  same)  : 

(a)  Doubling  the  attenuation  for  Ku-band  instead  of  X-band. 

(b)  Halving  the  attenuation  for  one-way  instead  of  two-way 
propagation . 

This  graph  is  stated  for  a  path  length  of  20  nmi.  Here  it  is  ap¬ 
plied  to  shorter  distances  by  reasoning  that  the  probability  of  any 
level  of  attenuation  would  decrease  at  least  in  proportion  to 
dis  tance . 
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Figure  7-1.  Probability  of  Rain  Attenuation  at  Ku-Band 
Be sed  on  the  Krason  Report 
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Table  7-2.  Rain  Attenuation  for  Ku-band  Functions 


Co  if iguration, 

1 

Function 

1 

1 

Distance 

nmi 

Rain  Attenuation 

Allowance 

dB 

Probability 

D.C. 

of 

ratio 

hr/yr 

Exceeding 

Allowance  Asia 

!  ratio 
hr/yr 

K-CTOL 

EL-2 

1 

PORTABLE 

AZ,  EL 

i 

1 

1 

1  i 

3.5 

1 

10  1 

i 

1 

20 

20 

20 

20 

20 

COO 02  . 

0.2 

0001 

1 

.00025 

2.5 

.0005 

5 

00015  . 

1.5 

0005 

5 

.0015 

15 

.003 

30 

On  this  basis,  Table  7-2  gives  a  rough  estimate  of  the  probability 
that  rain  attenuation  would  exceed  the  allowance  of  20  dB  in  some 
cases.  One  example  deserves  special  attention.  The  EL-2  function 
is  most  critical  at  a  distance  of  1  runi  or  less.  It  appears  that 
the  probability  of  exceeding  this  allowance  is  very  small,  only 
1.5  hr/yr  in  the  severest  climate. 
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3.  Vertical  Refraction  in  Atmosphere. 


Effect  of  gradient  of  temperature  and  density.  The  variations  of 
temperature  gradient  in  the  air  cause  some  random  error  in  the 
coding  of  a  small  angle  of  elevation.  This  is  found  to  be  a  minor 
problem,  as  will  be  seen  from  the  small  errors  that  are  predicted 
from  available  information,  reference  [1],  FAA-RD-70-47 . 

In  the  observation  of  an  elevation  tingle  by  electromagnetic  waves 
in  the  atmosphere,  there  is  usually  a  small  error  caused  by  re¬ 
fraction.  In  the  MLS,  this  effect  is  relevant  to  the  evaluation 
of  EL  angle  by  frequency  decoding  in  the  airborne  receiver.  The 
system  is  particularly  sensitive  to  EL  error  in  the  terminal  phase 
of  the  approach  flight  path  (glide  slope,  flareout  and  touchdown). 
Here  the  distance  and  the  related  angle  of  refraction  are  decreas¬ 
ing,  along  with  the  error  tolerance  in  height  above  ground. 

The  refraction  is  caused  by  the  vertical  gradient  of  the  density 
of  the  air.  This  has  the  effect  of  a  prism  tapered  from  the  ground 
upward.  The  gradient  has  two  components: 

(a)  The  pressure  gradient  inherent  in  the  atmosphere,  the  density 
decreasing  with  increasing  height.  Its  normal  bending  effect 
is  stated  to  be  about  1/4  the  earth's  curvature.  This  is 
usually  stated  as  the  rule  of  4/3  radius. 

(b)  The  temperature  gradient  incidental  to  local  conditions, 
decreasing  or  increasing  with  height. 

Because  the  former  is  an  average  valie  which  can  be  calibrated  out, 
we  are  here  concerned  mainly  with  the  uncertainty  of  the  latter. 
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The  refractive  index  of  air  is  about  the  same  for  optical  and  radio 
waves.  Its  value  (1.0003)  differs  so  little  from  free  space  that 
it  is  customary  to  state  the  difference  in  parts-per-million,  here 
termed  "micro-units"  and  abbreviated  "mics".  The  entire  effect  of 
the  air  is  300  mics. 

Referring  again  to  [1],  the  earth's  curvature  corresponds  to  a  ver¬ 
tical  gradient  of  157  mic/Km.  Any  value  to  be  given  here  will  be 
stated  as  a  multiple  of  this  value. 

The  earth's  curvature  as  a  reference.  The  following  values  repre¬ 
sent  the  effect  of  the  earth's  curvature  (radius  «=  21  Mft)  in  our 
situation  (ignoring  refraction  in  the  air)  : 

(a)  Angle  deviation  at  the  far  end  of  a  distance,  as  observed 
at  the  near  end: 

0.024  mil/Kft  -  0.0014  deg/Kft 

(b)  Height  deviation,  on  the  same  basis: 

0.024  ft/ (Kf t) 2 

(c)  Height  of  the  arc  relative  to  a  straight  line  is  1/4  as  great: 

0.006  ft/(Kft)2 

These  quantities  are  diagramed  in  Figure  7-2.  Some  examples  are 
given  in  the  following  table. 
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Figure  7-2.  The  Deviation  Caused  by  Refraction 
Equal  to  the  Earth's  Curvature 
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Examples: 

Distance 

Angle 

deviation 

Ht.  dev. 

(Kft) 

(mil) 

(deg) 

(ft) 

(1) 

EL-2 

to 

threshold 

3.5 

0.08 

0.005 

0.3 

(2) 

EL-1 

to 

outermarker 

30 

0.72 

0.042 

22 

(3) 

1  mil 

42 

1 

0.057 

42 

(4) 

Max. 

range  (28  nmi) 

168 

4.0 

0.22 

680 

Note:  On  a  long  runway  (14  Kft)  the  height  of  the  arc  is  1.2  ft. 

At  the  handover  from  glide  slope  (EL-1)  to  flareout  (EL-2) ,  the 
height  difference  from  these  sites  is  less  than  the  first  line 
(0.3  ft),  which  is  very  small.  At  any  distance,  a  refraction  devi¬ 
ation  (angle  or  height)  can  be  expressed  as  a  multiple  of  the 
earth's  curvature. 

The  tolerance  of  error.  One  basis  for  stating  the  EL  error  toler¬ 
ance  is  the  following,  applicable  to  random  deviations  of  height 
at  threshold. 


2  sigma  1.4  ft  at  3500  ft 
about  5  x  earth's  curvature 

This  is  stated  for  an  error  with  less  than  60  seconds  duration  or 
a  departure  from  the  60-second  average. 

Experience  records.  Reference  (1)  reports  the  refraction  effects 
at  a  number  of  airports,  giving  the  distribution  over  seasonal  pe¬ 
riods.  The  effect  i3  expressed  in  mic/Km,  averaged  over  the  range 
of  0  -  50  m  above  ground.  This  is  the  height  range  of  greatest 
interest  because  it  includes  the  period  just  before  and  after  the 
handover  from  glide  slope  to  flareout.  This  is  about  the  last  20 
seconds  on  a  3-degree  approach. 
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These  records  for  several  U.S.  airports  showed  5  percent  maximum 
probability  of  exceeding  the  earth's  curvature  (Long  Beach  in 
November)  and  a  typical  probability  much  less.  It  is  concluded 
that  the  "two  sigma"  variation  is  less  than  the  earth's  curvature, 
perhaps  1/2 . 

The  most  extreme  variation  (Miami  in  November)  showed  1  percent 
probability  of  exceeding  5  times  the  earth's  curvature.  This  is 
within  the  stated  tolerance.  This  refraction  is  downward  so  it 
would  cause  the  indicated  elevation  to  be  too  high  (in  the  sense 
of  failing  "unsafe"  but  within  tolerance) .  This  extreme  far  ex¬ 
ceeds  a  "normal"  distribution,  so  the  occurrence  of  such  refrac¬ 
tion  at  one  time  over  a  long  path  may  be  improbable. 

Reference  [6]  reports  Cue  case  in  New  Zealand  where  the  corres¬ 
ponding  error,  at  a  height  up  to  100  ft,  was  -2  ft.  In  another 
case,  it  was  reported  to  increase  gradually  at  lower  height,  reach¬ 
ing  -5  ft.  It  is  not  clear  whether  this  is  thought  to  occur  over 
an  appreciable  fraction  of  time  at  various  airports.  One  gradient 
profile  is  reported,  showing  a  steep  gradient  confined  to  the 
height  range  of  0  -  70  ft.  This  location  is  tentatively  regarded 
as  an  extreme  case,  but  the  report  will  be  investigated. 

Expectation  of  a  small  vertical  deviation.  From  these  considera¬ 
tions,  two  estimates  may  be  stated. 

First,  the  short-distance  deviations  have  a  "two-sigma"  value  less 
than  the  earth's  curvature,  particularly  less  than  0.3  feet  in 
height  at  the  handover  from  EL-1  to  EL-2. 

Secondly,  the  long-distance  deviations  have  less  them  a  propor¬ 
tionate  increase  because: 

(a)  The  flight-path  height  is  greater,  and 

(b)  there  is  less  than  complete  correlation  of  conditions  over 
the  entire  distance. 
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It  seems  reasonable  that  the  "two  sigma”  value  would  be  less  than 
1/2  the  earth’s  curvature,  and  particularly  for  EL-1,  less  than 
10  feet  at  the  outermarker. 

Conclusion .  The  expected  errors  in  elevation  are  negligible  out 
to  the  outer  marker.  At  greater  distances  (up  to  25  nmi)  the 
earth's  curvature  (up  to  500  ft)  may  be  taken  into  account.  Its 
effect  is  reduced  to  3/4  by  the  refraction  of  the  normal  density 
gradient  (constant  temperature) . 
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The  polarization  of  the  transmitted  signal  is  an  important  design 
consideration  and  may  have  a  large  impact  on  the  cost,  reliability 
and  performance  of  the  system.  The  factors  which  should  be  con¬ 
sidered  are  the  cost  and  simplicity  of  the  ground  and  aircraft  an¬ 
tennas  and  the  performance  advantages  gained  by  using  a  particular 
polarization.  For  the  MLS,  the  significant  choice  is  between  ver¬ 
tical,  horizontal  and  circular  polarizations  for  both  the  trans¬ 
mitter  and  receiver.  There  appears  to  be  no  advantage  for  a  system 
which  uses  different  transmitter  and  receiver  polarization. 

Table  7-3  outlines  a  comparison  of  the  three  polarizations  with 
respect  to  several  design  and  performance  factors. 

Item  (1)  is  taken  to  be  the  one  determining  factor.  The  location 
of  a  flush  radiator  on  the  top  or  bottom  of  the  fuselage  would  dic¬ 
tate  vertical  polarization  for  wide-angle  AZ  coverage  in  the  for¬ 
ward  half-circle.  The  reason  is,  that  radiation  near  grazing  inci¬ 
dence  on  a  metal  surface  is  possible  only  with  perpendicular 
polarization,  and  only  a  horizontal  surface  would  enable  AZ  coverage 
in  front  ±  90°.  This  is  expected  to  be  the  available  location,  be¬ 
cause  the  nose  area  is  preempted  by  other  functions  that  do  not  have 
any  alternative. 

Item  (2)  gives  a  definite  advantage  to  either  of  the  linear  polari¬ 
zations.  The  design  of  radiating  elements  or  polarization-convert¬ 
ing  reflectors  or  screens  for  circularly-polarized  ground  antennas 
is  feasible,  but  the  added  design  complexity  results  in  antennas 
which  are  much  more  complicated. 

Item  (3)  would  give  some  advantage  to  vertical  polarization  in  re¬ 
ducing  ground  reflection  in  front  of  the  transmitter  antenna.  How¬ 
ever,  the  reflection  is  so  near  grazing  incidence  that  it  is  nearly 
the  same  for  either  polarization. 
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Table  7-3.  Advantages  of  Vertical,  Horizontal 
or  Circular  Polarization 

Problem  _  Polarization _ 

Vertical  Hori zontal  Circular 


(1)  Airborne  antenna  designing, 

flush  radiator  on  top  or  bottom 


[X] 


[  ] 


t  1 


(2)  Ground  antenna  design, 
reflector  or  array  type 

(3)  Reduction  of  elevation  lobing 
caused  by  ground  reflection 

Reduction  of  reflection  from 
wall  of  a  large  building 

(4)  Any  incidence 
on  a  metal  wall 

(5)  Perpendicular  incidence 

on  a  r.omretal  wall 


fx]  [X]  [  ] 

t  ]  i  ]  [  ] 


[  J  l  1  IX] 

[  ]  11  rxi 

(  ] 


(6) 


Oblique  incidence 
on  a  nonmetal  wall 


[X] 


IX] 
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Item  (4)  has  been  state*  to  give  a  great  advantage  to  horizontal 
polarization  .in  reducing  the  reflection  from  a  corrugated  metal 
door  of  a  hangar.  Ref.  [9]  arrives  at  this  conclusion  after  a  few 
experiments,  but  does  not  detail  the  door  structure,  so  further 
inquiry  is  advised.  Some  corrugated  doors  have  been  inspected, 
and  they  are  not  expected  to  offer  much  advantage  in  this  respect, 
perhaps  no  advantage  on  the  average. 

Items  (4) ,  (5)  and  (6)  give  an  advantage  to  circular  polarization 
in  reducing  the  reception  of  reflection  from  any  walls  at  any  inci¬ 
dence.  For  the  case  of  a  flat  metal  wall  at  any  incidence,  there 
would  be  a  nominal  cancellation.  Although  the  reception  of  such 
reflection  is  a  problem,  its  reduction  by  the  use  of  circular 
polarization  does  not  appear  to  outweigh  the  advantages  of  items 
(.1)  and  (2)  for  vertical  polarization. 

Item  {€)  indicates  the  expected  advantage  of  horizontal  polariza¬ 
tion  in  reducing  the  oblique-angle  reflection  from  a  building  wall 
of  nonmetal lie  construction.  This  would  be  true  of  concrete, 
masonry  and  glass  windows.  This  is  a  secondary  problem  and  is  not 
regarded  as  c  determining  factor. 

It  is  concluded  that  vertical  polarization  should  be  retained  in 
MLS,. 
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l.l.l.l.G  DME  Verification 
SUMMARY 

Investigative  Effort 

The  major  study  effort  in  the  DME  portion  of  the  TACD  Phase  was 
devoted  to  three  inter-related  areas: 

Coverage 

Accuracy 

Traffic  Handling 

Some  of  the  guidelines  of  the  DME  activity  were  to  arrive  at  the 
design  approach  that  places  the  larger  burden  for  accuracy  on  the 
transponder;  that  the  cost  of  airborne  equipment  should  be  mini¬ 
mized;  and  that  accuracies  as  specified  by  SC-117  refer  to  require¬ 
ments  at  distances  from  near  TD  out  to  7  to  10  nautical  miles. 

Some  of  the  significant  results  of  the  study  are: 

o  Multipath  echoes  that  arrive  during  the  rise  time  or  the  peak 
of  the  first  pulse  can  cause  substantial  range  errors;  these 
errors  do  not  vary  randomly  pulse-to-puise  and  are,  therefore,  not 
subject  to  reduction  by  averaging. 

o  Almost  complete  immunity  to  echoes  requires  sharp  rise  time 
pulses  (wide  bandwidth)  and  a  low  decision  threshold  so  that  the 
time  of  arrival  measurement  is  made  before  the  echo  arrives  or 
before  it  causes  significant  leading  edge  distortion. 

o  Wide  information  bandwidths  can  be  achieved  with  no  sacrifice 
in  selectivity  by  using  the  Two-Mode  Ferris  Discriminator. 

o  An  attendant  bias  error  is  introduced  when  a  fixed  decision 
threshold  is  used  for  ranging  on  an  increasing  signal  level;  this 
bias  error  is  quasi-predictable  and  can  be  kept  <<20  feet  by  a 
simple  one-  or  two-step  programmed  correction  in  the  Interrogator. 

o  An  analog  acoustic  surface  wave  delay  line  can  provide  the 
transponder  system  delay  with  drift  free,  jitter  free  properties. 
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o  The  use  of  sharp  rise  pulses,  wide  bandwidth  processing,  high 
speed  clocks,  and  low  jitter  system  delay  results  in  a  measurement 
accuracy  of  below  20  feet  on  one  interrogation/reply  and  raises 
questions  about  the  use  of  averaging. 

o  Range  rate  accuracy  requirements  can  be  met  without  averaging 
at  a  data  rate  of  about  2.8  seconds,  and  at  a  data  rate  of  about 
0.75  seconds  with  averaging,  when  using  an  interrogation  rate  of 
20  pp/s. 

o  The  enhanced  accuracy  obtainable  on  a  single  measurement  allows 
the  use  of  a  low  interrogation  rate  (15  to  20  pp/s)  to  reduce  the 
channel  loading. 

o  With  low  interrogation  rates  and  tight  decoder  tolerances,  the 
false  decode  rate  for  a  fully  loaded  system  is  entirely  tolerable 
for  a  two-pu]  se  code  system.  A  <_hree-pulse  code  system  would  make 
false-decoding  vanishingly  small,  but  would  add  to  the  decode  time 
substantially  such  that  the  system  delay  would  have  to  be  increased 
from  50  us  to  about  70  ps.  , 

o  Emphasizing  time  selectivity  in  the  Interrogator  by  time  gating 
in  the  IF,  prior  to  frequency  discrimination  and  decoding  can  be  a 
very  effective  method  of  making  the  Interrogator  immune  to  inter¬ 
fering  signals.  IF  gating,  however,  negates  both  long  time  constant 
age  and  the  SC117  approach  to  identity  coding. 

o  Under  the  heaviest  traffic  conditions,  without  IF  gating,  the 
Interrogator  will  have  a  high  percentage  (30  to  50%)  of  false 
decodes  in  the  decoder  output.  This  can  seriously  affect  long  time 
constant  AGC  and  can  also  scramble  the  identity  coding  as  proposed 
in  SC-117. 

o  The  signal  strngth  required  at  the  low  elevation  angles,  in 
the  critical  phas«  of  landing,  can  be  supplied  by  a  practical 
antenna  design  that  will  impose  no  penalty  of  higher  transmitter 
power  than  wi.at  is  required  to  obtain  the  30  N.  mi.  operating  range. 
The  antenna  will  have  a  4-foot  vertical  aperture,  with  the  aperture 
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center  4  feet  above  the  ground;  and  will  have  azimuth  beam  shaping 
to  place  increased  signal  level  along  the  center  line  (+4°) . 

o  The  airborne  antenna  system  will  be  common  to  both  the  angle 
guidance  receiver  and  the  DME.  It  will  be  compostd  of  a  fore 
antenna,  an  aft  antenna  and  a  diversity  technique,  providing  360° 
azimuth  coverage. 

o  The  inclusion  of  a  low  noise  figure  front  end  amplifier  in  the 
ground  transponder  puts  the  requirement  for  peak  power  in  the  air¬ 
borne  transmitter  at  about  50  watts  minimum.  This  compares 
favorably  with  the  250  watts  minimum  specified  by  SC-117  and  makes 
an  all  solid  state  airborne  implementation  probable  for  the  Proto¬ 
type  Phase;  reducing  the  life  cycle  cost  for  the  user  and  enhancing 
the  adoption  of  the  MLS. 

DESIGN  APPROACH 

The  design  aDproach  for  signal  processing  in  the  Interrogator  and 
Transponder,  reflecting  the  results  of  the  investigation  made, 
can  be  summarized  with  the  aid  of  two  simplified  block  diagrams. 

Interrogator 

In  the  case  of  the  Interrogator,  figure  8-1,  there  are  two  cases 
where  "final"  design  decisions  have  not  been  made  and  switches  are 
shown  to  indicate  that  the  feasibility  equipment  will  be  capable 
of  running  tests  in  either  mode  of  operation:  video  gating  or  IF 
gating;  averaging  or  no  averaging.  These  choices  are  in  the  realm 
of  "either  approach  will  work,  but  which  is  better  from  an  overall 
performance/cost  point  of  view?"  Decisions  will  be  made  in  follow- 
on  work. 

Referring  to  figure  8-1,  the  operation  of  the  Interrogator  starts 
with  the  Random  Pulser  which  synchronizes  the  Interrogator  for 
range  delay  measurements.  It  initiates  the  transmitter,  the  dis¬ 
tance  measurement  counter,  and  a  gain-time-control  (GTC)  generator. 
The  GTC  generator  has  two  outputs;  one  adjusts  the  gain  of  the  IF 
amplifier  as  a  function  of  time-after-transmission  to  keep  the 


8-3 


V 


Report  10926 

output  amplitude  approximately  constant  over  the  expected  signal 
dynamic  range;  and  the  other  GTC  output  restores  the  amplitude 
(by  controlling  the  gain  of  a  video  amplifier)  so  that  the  low 
decision  threshold  sees  a  very  sharp-rising  absolute  voltage  for 
"early"  decisions. 

The  diagram  is  shown  for  the  Interrogator  operating  in  the  Track 
Mode.  It  is  assumed  that  range  lock-on  has  occurred,  range-rate 
has  been  measured,  and  gates  are  available  (from  the  Track  Gate 
Generator)  to  "bracket"  the  reply. 

Following  a  reply  through  the  processor,  it  is  amplified  in  the 
GTC  IF  amplifier  and  gated  through  at  IF  if  the  switch  is  so  set, 
or  allowed  to  pass  for  video  gating.  The  reply  is  then  fed  to  the 
Two-Mode  Ferris  Discriminator  for  frequency  selectivity,  which 
then  feeds  a  fast  rise-time  pulse  to  both  the  decoder  and  the  video 
amplifier/decision-threshold  circuit.  In  the  decision  circuit,  the 
sharply  rising  video  pulse  is  applied  to  a  low  decision  threshold 
which  can  be  controlled  as  a  function  of  range  to  insure  best  accu¬ 
racy  both  at  far  range  and  in  the  critical  phase  of  landing.  The 
decision  threshold  output  is  a  reconstituted  pulse  that  is  delayed 
in  a  shift  register  to  fall  inside  the  gate  developed  at  the 
decoder  output  for  a  correctly  coded  pair  input.  The  reconstituted 
pulse  will  then  be  gated  through  if  video  gating  is  used,  or  allowed 
to  pass  if  already  gated  at  IF,  and  stop  the  distance  measurement 
counter  which  had  been  started  by  the  synchronizer.  The  count  in 
the  counter  is  a  measure  of  range  and  can  be  fed  to  an  averaging 
circuit  or  used  directly  if  "no-averaging"  is  chosen.  The  distance 
measurement  is  also  fed  to  a  distance-rate  averager  which  can  also 
be  bypassed  if  "no-averaging"  is  chosen.  The  output  of  the  distance- 
rate  averager  (or  the  distance  measurement  itself)  is  fed  to  a 
distance-rate  computation  circuit  which  computes  distance-rate  by 
measuring  a  change  in  distance  Ad  over  a  precisely  known  elapsed 
time  At.  The  range-rate  output  is  used  to  correct  for  lag  in  the 
distance  measurement  (if  distance  averaging  is  used),  and,  together 
with  the  distance  measurement,  for  positioning  the  Track  Gate 
Generator.  In  the  case  of  temporary  loss  of  signal,  the  distance- 
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rate  input  to  the  Track  Gate  Generator  will  be  used  for  "memory 
tracking"  until  the  signal  comes  back,  or  a  pre-specified  time 
elaoses  in  which  case  the  Interrogator  will  go  out  of  Track  and 
into  Search.  The  rate-corrected  output  distance  measurement 
(which  goes  to  the  pilot  and/or  autopilot)  is  used  to  select  (on 
a  pre-programmed  basis)  both  the  decision  threshold  level  and  a 
simple  bias  correction.  The  bias  correction  is  used  to  account 
for  the  increased  amplitude  of  near  range  signals  crossing  a 
fixed  threshold  earlier  than  at  longer  ranges.  This  correction 
will  probably  be  as  simple  as  adding  one  or  two  clock  counts  to 
the  distance  output  reading. 


Transponder 


Figure  8-2  is  a  simplified  block  diagram  of  the  transponder  signal 
processing  circuits.  Valid  and  invalid  interrogations  enter  a 
wide  bandwidth  log  IF  amplifier  which  can  handle  a  large  dynamic 
range  of  adjacent  signals  without  saturation  and  with  retention 
of  amplitude  information  which  is  useful  in  echo  discrimination 
circuits.  Two  outputs  are  provided,  a  lin-log  IF  output  and  a 
log  video  output. 


The  IF  output  feeds  both  a  Two-Mode  Ferris  Discriminator  and  a 
wide  bandwidth  acoustic  surface  wave  delay  line.  The  Ferris  Dis¬ 
criminator  provides  rejection  of  all  off-frequency  signals  and  gates 
through  wide  band  log  video  only  when  a  correct  frequency  pulse  is 
received.  The  wide  band  video  is  fed  to  an  echo  discriminator 
circuit  that  prevents  low  amplitude  echoes  of  incorrectly  coded 
interrogations  from  causing  false  decodes.  This  circuit  will  be 
optional,  depending  on  the  runway  location.  The  echo  discriminator 
feeds  a  decoder  which  is  clocked  (for  example)  at  a  4  MHz  rate  and 
has  a  decoder  tolerance  of  0.5  us.  The  decoded  output  is  delayed 
sufficiently  to  produce  an  enabling  pulse  for  an  AND  gate  that  is 
also  fed  by  the  detected  output  of  the  delay  line. 


The  IF  acoustic  delay  line  introduces  no  jitter  and  has  a  drift 
of  ±0.006  (3  feet)  for  ±50°C  temperature  variation.  It  can  be  set 
in  the  field  to  ±0.015  microseconds  of  a  desired  value  in  the  range 
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Figure  8-2.  Transponder  Signal  Processing,  Simplified 

Block  Diagram 
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of  35  to  60  microseconds.  It  has  a  bandwidth  of  approximately 
10  MHz  and  has  very  little  effect  on  the  pulse  rise  time.  The 
delay  line  approach  eliminates  the  quantization  error  associated 
with  digital  delays  and  the  need  for  a  high  speed  clock  in  the 
transponder.  More  of  the  error  budget  can  be  apportioned  to  the 
aircraft  interrogator. 

The  leading  edge  of  the  system  delayed  first  pulse  of  the  2-pulse 
code  leaves  the  AND  gate  and  is  fed  to  a  fixed  decision  threshold 
that  is  set  7  to  lOdB  above  the  noise  level.  As  the  aircraft 
aDDroaches,  the  signal  level  increases  and  the  decision  level  is 
reached  earlier  in  the  pulse.  At  near  range,  in  the  critical 
phase  of  landing,  the  decision  level  is  reached  before  echoes 
arrive  or  can  cause  significant  error.  The  bias  error  introduced 
is  accounted  for  in  the  Interrogator.  The  output  of  the  decision 
threshold  circuit  triggers  the  reply,  the  dead  time  generator, 
and  squitter  control  circuits. 

Features  of  Approach 

A  brief  listing  of  some  of  the  significant  features  of  the  DME 
approach  presented  in  this  report  is  as  follows: 

o  Immunity  to  multipath  echoes 

o  Stable,  jitter  free  system  delay 

o  Accuracy  can  exceed  SC-117  requirements 

o  Low  Interrogation  rates  -  better  traffic  handling 

o  Low  Peak  Power  in  Airborne  Equipment 

o  Cost  effective  coverage  for  8  feet  height  at  TD 

o  Potential  for  low  cost  airborne  equipment 
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1.  Requirements 

a.  Functional 

Tiie  basic  function  of  the  MLS  DME  is  to  provide  distance  infor¬ 
mation  over  the  volume  of  approach  paths  described  by  SC  117  in 
Report  DO-148.  The  DME  will  be  used: 

(1)  to  provide  progress  information  along  straight- 
in  approach  paths 

(2)  to  provide  the  information  currently  provided 
by  ILS  markers 

(3)  for  speed  control  when  on  centerline  or  via  an 
area  navigation  computer 

(4)  to  provide  distance  and  distance-rate  infor¬ 
mation  which  in  conjunction  with  the  EL2 
subsystem  and  siting  constants  are  used  to 
derive  altitude  and  altitude  rate  information 
required  in  the  flare  computer 

(5)  for  two-step  glideslope  maneuvers 

(6)  for  decision  height  computation 

(7)  for  runway  guidance  and  high  speed  turnoff 

(8)  for  distance  information  on  missed  approaches 

Tiie  most  stringent  accuracy  requirements  for  the  DME  are  imposed 
by  the  computations  required  to  execute  flare  initiation  and 
two-step  glideslope  maneuvers  for  Category  III  landings. 

b.  Quantitative 

The  following  quantitative  requirements  for  the  DME  refer  to  the 
configuration  K  requirements  as  specified  by  SC  117.  The  major 
effort  during  TACD  was  applied  to  resolving  the  technical  issues 
involved  in  meeting  these  requirements  in  a  cost  effective 
approach . 


8-9 


Report  10926 


(1)  Coverage:  Azimuth  +60° 

Elevation  0°  to  20° 

Range  0  to  30  N.  Mi 
Back  Azimuth  +40° 

Back  Elevation  0°  to  20° 

Back  Range  0  to  5  N.  Mi 

(2)  Accuracy:  Range  -  Random  Error:  20  ft.  (la) 

Bias  Error:  20  ft. 

Range  Rate  -  10  ft/aec  (la) 

(3)  Number  of  channels:  200  (in  125  MHz  Band  at. 

C-Band)  (20  frequencies, 
each  pulse-code  multiplexed 
10  times) 

(4)  Channel  Loading:  66  Interrogators  (primary 

service) 

100  Interrogators  (ground 
testing) 

396  Interrogators  on  correct 
frequency  but  incorrect 
pulse  code  (interfering) 

(5)  Data  Rate:  5  Hz 

The  principal  differences  between  the  present  L-Band  DME  and  the 
MLS  C-Band  DME,  other  than  the  frequency  band  of  operation,  are 
in  the  more  stringent  accuracy  requirements  (20  ft.  vs.  600  ft.); 
in  the  provision  of  10  channels  on  each  frequency  via  pulse  code 
multiplexing  for  MLS  whereas  presently  each  channel  is  on  a 
different  frequency;  in  the  shorter  operating  range  for  MLS 
(30  N.  mi  vs  300  N.  mi);  in  the  specification  of  range-rate 
capability  of  10  ft/sec  accuracy  for  MLS  whereas  there  is  no 
requirement  for  range-rate  in  the  present  DME;  and  in  the 
specification  of  a  5  Hz  data  rate  for  MLS  whereas  there  is  no 
data  rate  specification  for  present  DME. 
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2.  Critical  Technical  Issues  -  Definition  and  Resolution 

In  this  section,  the  technical  problem  areas  that  must  be  dealt 
with  and  resolved  to  meet  the  quantitative  requirements  are 
identified  and  described,  and  approaches  for  their  resolution  are 
presented.  Although  each  technical  issue  is  separated  out  for 
discussion,  they  are  in  many  instances  inter-related  and  the 
solution  for  one  affects  the  solution  for  another.  The  resolu 
tion  of  each  issue  as  contained  in  this  section  was  arrived  at 
by  simultaneous  consideration  of  interacting  parameters.  In 
some  cases,  quantification  of  the  problem  resulted  in  the 
recognition  that  it  was  not  a  serious  problem,  thereby  providing 
the  issue's  resolution. 

a.  Coverage 

(1)  Definition  of  Issue 

To  provide  the  coverage  required  as  defined  above  (see 
Requirements,  l.l.l.l.G.l)  there  are  three  problem  areas  that 
need  to  be  resolved.  These  are: 

o  What  transponder  antenna  design  approach  car.  be  employed 
to  achieve  strong  signals  (without  unduly  high  trans¬ 
mitter  power)  at  the  low  elevation  angles  that  exist 
during  the  critical  phase  of  the  landinv  maneuver, 
such  as  flare  initiation? 

o  What  airborne  antenna/processing  approach  can  be 
employed  to  assure  that  the  aircraft  will  have  360° 
azimuth  coverage? 

o  What  power/sensitivity  budget  provides  the  most  cost 
effective  approach  to  meeting  the  range  requirements? 

(2)  Low  Elevation  Coverage 

lor  a  complete  discussion  of  low  elevation  coverage,  refer  to 
Section  l.l.l.l.C  which  presents  the  problems,  avenues  of  solution 
and  recommended  design  as  applied  to  the  azimuth  guidance  antenna; 
these  are  identical  to  the  low  elevation  coverage  for  DI lb .  The 
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discussion  have  will  fcr  largely  excerpted  from  that  section  and 
also  the  section  describing  the  azimuth  reference  antenna,  which 
is  identical  to  the  DME  ground  antenna. 

(a)  Genera  1  Problem 

The  problem  of  providing  antenna  gam  at  lew  elevation  angles 
arises  due  to  the  presence  of  the  ground.  Refer  to  figure  8-3. 

7\  phase-reversed  ground  reflection  of  propagated  rf  from  a  small 
aperture  antenna  close  to  the  ground  causes  a  cancellation  of 
energy  at  0°  elevation.  As  wo  move  up  in  elevation,  the  direct 
anu  reflected  waves  are  no  longer  at  18Q6  relative  phase,  and  the 
cancellation  is  reduced,  with  a  resultant,  increase  in  signal 
strength.  The  rat*  at  which  the  x*elative  phase  changes  is  a 
direct  function  of  the  antenna  height  and  is  inversely  related 
to  the  wavelength ,  To  provide  energy  at  low  elevation,  the 
design  parameter  is  antenna  height  (assuming  wavelength  is  not 
design  variable) .  However,  for  small  apertures,  the  increase  in 
height  will  cause  a  looing  pattern  as  a  function  of  elevation 
angle  explained  by  the  phase  difference  between  the  direct  and 
reflected  waves  passing  through  several  cycles.  If  the  aperture 
is  increased,  the  antenna  directivity  is  increased  and  less 
energy  reaches  the  ground  which  in  turn  reduces  the  reflected 
signal.  This  has  the  effect  of  reducing  the  lobing  experienced 
with  a  small  aperture.  For  an  tperture-to-height  ratio  of  unity, 
the  lobing  is  quite  email. 

(b)  Quantitative  Goals 

The  goal  of  the  TA.CD  antenna  studies  was  to  determine  effective 
and  economical  measures  for  controlling  this  undesirable  influence 
of  the  ground  on  the  system  performance.  Specif icaliy ,  the  major 
technical  problems  to  be  solved  were: 

o  Provide  adequate  DUE  signal  at  a  range  of  25  nmi  and 
2000  feet  altitude  without  excessive  transmitter  power, 
using  a  practical  antenna  design. 
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Figure  8-3.  Need  for  Height  and  Vertical  Aperture 

DME  Ground  Antenna 
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o  Provide  adequate  DME  signals  for  autoload  14000  feet 
away  from  the  transmitter  at  a  height  of  only  3  feet, 
without  excessive  transmitter  power. 

(c)  Solution 

The  antenna  design  to  meet,  the  goals  will  have  an  aperture  of 
4  feet,  with  a  height  (aperture  center-t.o-ground)  of  4  feet, 
resulting  in  a  height-to-aperture  ratio  of  unity.  See  figure 
8-4.  This  will  provide  an  elevation  pattern  shape  as  sh own  in 
figure  8-5.  The  azimuth  pattern  will  be  shaped  to  have  increased 
directivity  (+6  dBj  along  the  center  line  (  +  4°)  which  will 
provide  increased  signal  strength  for  the  difficult  condition  of 
autoload  for  aircraft  that  have  antennas  as  low  as  8  ft  above 
the  ground. 

The  azimuth  pattern  is  shown  in  figure  8-6.  To  achieve  the 
azimuth  pattern  characteristics  the  antenna  will  be  composed  of 
approximately  15  columns  having  a  horizontal  aperture  of  about 
1.5  feet,  with  a  special  feed  network.  Back  course  coverage  is 
provided  by  coupling  off  energy  and  feeding  three  columns  of  slot 
radiators  mounted  back-to-back  with  the  forward  radiating  columns. 

(d)  Signal  Levels  at  Landing 

For  Category  III,  it  is  important  to  provide  accurate  information 
to  the  autopilot  down  to  touchdown.  The  most  critical  point  in 
the  landing  profile  with  regard  to  DME  accuracy  occurs  at  flare 
initiation.  A  plot  war  made  of  the  expected  signal  level  as  a 
function  of  range  (from  26000  ft  from  the  DME  antenna  through 
TD  (about  14,000  ft)  and  into  Rollout)  for  a  typical  landing 
profile  (2.5°  G/S) .  It  is  shown  in  figure  8-7.  Note  that  the 
signal  level  is  strong  at  flare  initiation  and  drops  down  but 
remains  sufficiently  high  at  TD  for  a  commercial  airliner  such  as 
the  707.  After  TD,  the  signal  level  increases  as  the  effective 
elevation  angle  increases,  with  the  nominal  S/N  at  30  nmi 
(R  max.)  designed  to  be  13  dB ,  the  S/N  at  flare  initiation  is 
approximately  34  dB  and  at  touchdown  26  dB.  At  these  S/N  ratios 
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Figure  8-4.  DME  Ground  Antenna  •*  Configuration  K 
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Figure  8-5.  Elevation  Pattern  of  DME  Ground  Antenna 
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high  accuracy  DME  is  assured.  For  a.n  8'  high  aircraft  antenna, 
the  S/N  ratio  comes  down  to  17  db  at  TD,  which  is  entirely 
adequate . 

(3)  Airborne  Antenna  Coverage 

The  airborne  DME  antenna  is  common  to  the  angle  guidance 
receiver  antenna.  Section  l.l.l.l.D  presents  a  full  discussion 
covering  the  problems,  approaches  and  proposed  solution.  Only 
a  brief  description  of  the  approach  will  be  presented  here. 

(a)  Problem 

The  problem  centers  or  providing  360°  azimuth  coverage,  while 
using  as  little  surface  area  of  the  aircraft  and  maximizing 
signal  levels  to  the  receiver. 

(b)  Solution 

To  achieve  360°  azimuth  coverage,  a  two-anterna  diversity 
system  is  required.  Locations  B  and  I  as  shown  in  figure  3 
are  proposed  as  the  best  locations  for  the  two  antennas.  These 
locations  provide  the  required  coverage  with  vertical  polariza¬ 
tion  and  should  be  available  on  almost  all  aircraft  for  mounting 
the  MLS  antennas.  The  forward  location  has  the  added  advantages 
of  airframe  shielding  from  some  multipath  signals  and  a  height- 
above-ground  advantage  when  che  aircraft  is  near  touchdown. 

This  latter  factor  results  in  significantly  stronger  DME  signals 
during  the  most  critical  period  of  the  aircraft  landing.  Cardicid 
patterns  for  the  two  antennas,  pointed  in  the  appropriate 
directions,  are  near  optimum  for  the  overall  antenna  system 
performance.  The  design  of  these  antennas  are  simple  and 
straightforward.  Their  nominal  gain  is  6  dB  above  an  isotrope. 

The  diversity  technique  proposed  is  to  sample  the  fore  and  aft 
antennas  at  a  2  Hz  rate:  if  the  fore  antenna  has  a  signal  level 
3  dB  greater  than  the  minimum  sensitivity  signal  of  the  angle 
channel,  the  fore  antenna  will  be  selected  and  the  sampling 
discontinued.  This  diversity  technique  is  described  in  greater 
detail  in  Section  l.l.l.l.D. 
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LOCATION 

ADVANTAGES 

DISADVANTAGES 

A 

GOOD  FORWARD  COVERAGE 
ANY  POLAR.HA  TION 

NOT  AVAILABLE  ON  MOST 
AIRCRAFT 

fl 

GOOD  FORWA^eO  COVERAGE 
VERT.  POLARIZATION 
HEIGHT -ABOVE-GROUND 
NEAR  TOUCHDOWN 

C 

GOOD  FORWARD  COVERAGE^ 
VERT.  POLARIZATION 

D 

GOOD  FORWARD  COVERAGE , 
HO  A  POLARIZATION 
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E 

FAIR  FORWARD  COVERAGE^ 
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F 

MINIMUM  COM  PUT  AVON  FOR 
AIRCRAFT  ATTITUDE  CORRECTION 

POOR  DOWNWARD  COVERAGE 

a 

MINIMUM  COMPUTATION  FOR 
AIRCRAFT  ATTITUDE  CORRECTION 

POOR  UPWARD  COVERAGE 

H 

BEST  POTENTIAL  FOR  360° 

AZIMUTH  COVERAGE  WITH  ONE 

ANTENNA 

POOR  DOWNWARD  COVERAGE , 

NEED  LONG  FEED  CABLE, 
DIFFICULT  INSTALLATION 

I 

GOOD  REAR  COVERAGE , 
VERT  POLARIZATION 

GOOD  REAR  COVE  RAG  Et 
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Figure  8-8.  Locations  on  Aircraft  for  Mounting  Antennas 
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(4)  Power /Sensitivity  Budget 

(a)  Problem 

The  problem  in  defining  the  power  budget  to  achieve  30  nmi 
operating  range  centers  on  achieving  the  most  cost  effective 
approach  of  specifying  the  airborne  power/ground  sensitivity 
link  and  the  ground  power/airborne  sensitivity  link. 

(b)  Solution 

With  the  very  large  ratio  of  airborne  to  ground  equipments 
required  to  implement  a  viable  MLS,  the  approach  proposed  is  to 
provide  a  high  sensitivity  system  on  the  ground  coupled  with 
low  peak  power  in  the  aircraft;  and  low  sensitivity  in  the 
aircraft  coupled  with  high  peak  power  in  the  ground  equipment. 
This  creates  the  opportunity  for  realizing  (probably  in  the 
prototype  phase)  the  airborne  transmitter  with  an  all  solid  state 
approach.  The  large  increase  in  life  expectancy  of  solid  state 
transmitters  relative  to  tubes  would  drastically  reduce  the  life 
cycle  costs  to  the  user  of  the  MLS  system  and  enhance  its 
universal  adoption. 

The  unbalanced  power  budgets  are  presented  in  tables  8-1  and  8-2. 
In  sections  1 . 1 . 1 . l.G . 4 . a  and  1.1.1.1.G.4 .b,  more  detailed 
discussions  are  presented  concerning  the  hardware  implementions . 

b.  Accuracy:  Range 

(1)  Definition  of  Issue 

In  the  TACD  Phase  the  range  accuracy  goal  for  the  high 
performance  Category  III  system  was  set  at  20  ft.  (lor)  for 
random  errors  and  20  ft.  (l<r)  for  bias  errors  as  defined  in  .be 
requirements  above.  The  data  rate  specification  applicable  to 
the  random  error  was  taken  as  5  Hz,  per  SC-117.  Although  these 
specifications  are  subject  to  change  pending  the  results  of 
continuous  investigation  into  the  landing  system  dynamics, 
control,  and  error  budgets,  they  serve  as  a  reasonable  quantified 
target  for  investigation  and  validation  of  approaches  for 
achieving  high  accuracy  in  the  landing  system  environment. 
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TABLE  8-1 

DME  POWER  BUDGET  (AIR-TO-GROUND  LINK) 

Noise  Power  In  7  MHz  BW. .  . .  -105.5  dbm 

Receiver  Noise  Figure 

@  input  to  Front  End  Amplifier .  6.0  db 

RF  Losses  before  Front  End  Amplifier .  4.0  db 

Circulator.  Preselector 
Limiter,  Cable 

Antenna  Losses  (Network  &  Columns) .  2.0  db 

Equivalent  Noise  Power  @  Antenna .  -93.5  dbm 

PR  required  for  S/N  =  13  db . -80.5  dbm  — 

Rec  Ant  Gain  (incl.  2  db  lobing  loss)....  14  db 

XMT  Ant  Gain .  3.5  db  - 

(incl.  lcbing  loss) 

XMT  Cable  &  Circulator  Loss. .  4  db  + 


Path  Loss  (30  nmi)  -  10  log  ( 1M180^0°0)  }  2  ^  ^  + 

in  dBm: 

PT  -  Pr  +  141  +  4  -  3.5  -  14  *  PR  +  127.5  db 
P?  =  47  dbm  =  +  17  dbw 
P.p  =  50  Watts 
Specify  100  W  +  3  db 
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D1-1E  POWER  BUDGET  (GROUND-TO-AIR  LINK) 

Noise  Power  in  7  MHz  BW . . .  -105.5  dbm 

Receiver  NF .  14.5  db 

Cable,  Mismatch,  Filter  Ripple  Losses....  4 . 5  db 

Equivalent  Noise  Power  @  Antenna .  -86.5  dbm 

PR  required  for  S/N  =  13  db .  -73.5  dbm  — 

Rec  Ant  Gain  (incl.  2.5  db  lobing  loss)..  3.5  db  - 

XMT  Ant  Gain  (incl.  2  db  lobing  loss)....  14.0  db 

XMT  Cable  +  Circulator  Loss .  3  do  + 

Path  Loss  (30  nmi)  .  .  . . .  141  dt>  + 

in  dbm: 

PT  =  PR  +  i41  +  3  -  14  -  3.5  =  PR  +  126.5  db 
=73.5  dbm  +126.5 
=53  dbm  =  +  23  dbw 
PT  =  +  23  dbw  =  200  watts 
Specify  PT  =  400  Watts  +  3  db 
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The  technical  issue  of  achieving  high  distance  accuracy  involves 
the  following  simultaneous  considerations  * 

o  Inherently,  wide  bandwidth  and/or  high  aignal-to-noise 
ratio  are  required  to  achieve  high  accuracy  of  range 
measurement.  Conflicting  with  these  are  the  limited 
band  in  which  200  channels  must  be  supported,  the 
desire  to  minimize  transmitter  power  requirements 
(particularly  for  the  airborne  interrogator) ,  and  the 
requirement  to  provide  wide  angle  coverage. 

o  Multipath  echoes  that  arrive  during  an  interval  starting 
with  the  leading  edge  of  the  direct  path  first  pulse 
and  ending  with  the  direct  path  second  pulse  (assuming 
a  2-pulse  code)  can  cause  errors  in  distance  measurement 
to  various  degrees,  depending  on  the  measurement 
technique  used  to  determine  the  time-of-arrival  of  the 
reply  or  interrogation.  After  employing  means  to 
minimize  multipath,  the  avenue  of  approach  must  be  based 
on  identifying  and  using  the  difference  between  the 
direct  and  reflected  waves  to  discriminate  against  the 
reflections . 

o  Sources  of  drift  must  be  minimized  and  raonitoring/adjust 
techniques  must  be  used  to  reduce  bias  errors.  Also, 
any  known  sources  of  bias  error  must  be  compensated  for 
by  built-in  techniques. 

(2)  General  Considerations 
(a)  Decision-Level 

The  time  of  arrival  (t^)  of  a  pulse  is  established  as  the  instant 
when  its  leading-edge  reaches  a  specified  "decision-level"  (e<j)  . 
It  is  desirable  that  this  decision-level  occur: 

o  Very  early  in  the  pulse,  so  that  it  can  be  reached 
before  echoes  of  the  start  of  the  pulse. 
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o  Where  the  slope  of  the  leading-edge  is  steep  to 
minimize  the  error  produced  by  echoes  which  arrive 
before  the  decision-level  is  reached  and  to  reduce  the 
time- jitter  caused  by  the  thermal  noise  and  by  the 
tolerance  in  establishing  the  decision  threshold.  Note 
that  application  of  the  above  capitalizes  on  the  differ¬ 
ence  between  the  direct  and  reflected  waves  (time  of 
arrival)  to  eliminate  or  minimize  errors  due  to  reflec¬ 
tions  . 

The  decision-level  can  be  established  at  a  constant  fraction  of 
the  peak  pulse  amplitude  (A),  which  may  be  variable,  say  0.5A, 
or  a  constant  absolute  voltage  l^vel,  say  1.0  volt. 

Establishing  the  decision-level  at  a  constant  fraction  of  the 
peak  pulse  amplitude  has  the  advantage  that  the  measured  time  of 
arrival  of  the  pulse  (t^)  is  independent  of  the  peak  pulse 
amplitude  and  therefore  produces  no  distance-bias  error  even  if 
the  pulse  amplitude  varies  as  the  aircraft’s  distance  from  the 
beacon  changes.  This  scheme  has  been  used  successfully  in  an 
L-Band  beacon  made  by  AEROCOM  and  tested  by  NAFEC.  However,  the 
much  greater  duty  cycle  handled  by  the  Pulse-Multiplexed  C-Band 
DME  beacon  receiver  presents  additional  problems.  This  scheme 
requires  that  the  amplified  and  detected  first  pulse  be  a  linear 
reproduction  of  the  input  pulse;  that  its  peak  amplitude  be 
measured  and  stored  long  enough  to  measure  its  fractional  part. 
Some  form  of  age  which  acts  on  the  first  pulse  must  be  used. 

Since  the  transponder  must  accept  pulses  of  any  amplitude  in  a 
random  sequence,  the  amplitude  of  one  pulse  cannot  be  stored  to 
control  the  next  pulse  a3  can  be  done  with  long  time-constant 
age.  The  age  cannot  be  obtained  from  decoded  signals  because  the 
second  pulse  arrives  too  late  to  control  the  first  pulse.  The 
delays  required  would  be  impractical. 

Because  it  is  multiplexed  ten  times  and  the  IF  bandwidth  may  be 
as  much  as  7.0MHz,  thr  C-Band  Transponder  may  be  called  upon  to 
handle  as  many  as  22,000  interrogations  per  second  in  its  IF 


8-25 


Report  10926 


amplifier  as  against  2,700  per  second  for  the  L-Band  DME.  If 
the  age  derived  on  the  first  pulse  acts  for  the  code  interval, 
whose  average  duration  is  20  ja9,  the  total  time  taken  by  the  age 
is  22,000  x  20  x  10“6  =  0.44  sec. /sec.  During  this  time  the 
beacon  will  not  respond  to  smaller  pulses.  This  reduces  the 
Beacon  Reply  Efficiency  by  a  corresponding  amount.  The  cost  of 
this  scheme  is  about  $2,000.00  in  material  higher  than  the  cost 
of  the  method  which  uses  a  decision-level  at  an  absolute  voltage 
level . 

Establishing  the  decision-level  at  an  absolute  voltage  has  the 
advantage  that  the  signal  amplitude  rises  as  the  aircraft 
approaches  the  beacon,  and: 

o  The  decision  level  i9  reached  earlier  in  the  pulse, 
which  eliminates  most  echoes. 

o  The  slope  of  the  leading-edge,  at  the  decision-level 
is  automatically  increased. 

o  A  steeper  slope  is  achieved  at  the  decision  level  for 
the  same  receiver  bandwidth  because  of  the  greater 
amplitude. 

o  The  method  is  far  simpler  and  less  costly  than  the  one 
making  use  of  a  decision-level  at  a  fixed  fraction  of 
the  peak  pulse  amplitude. 

On  the  other  hand,  it  has  the  disadvantage  of  introducing  a 
small  negative  distance  bias  error  (max  -60')  which  varies 
with  distance.  However,  this  bias  error  can  be  easily  minimized, 
partly  calibrated-out ,  or  programmed-out  dynamically  as  shown 
below,  by  the  interrogator. 

Because  the  interrogator  can  control  the  amplitude  of  the  reply, 
by  age  or  open  loop  gain-time-control  (gtc)  in  the  i-f  amplifier, 
it  can  vary  the  amplitude  of  the  detected  video  reply  inversely 
with  the  distance  from  the  beacon  to  restore  high  amplitude  at 
rear  range.  It  can  then  establish  a  decision-level  which  is  a 
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known  fraction  of  the  known  peak  pulse  amplitude  and  therefore 
easily  correct  for  a  fixed  bias  error. 

As  stated  above  the  transponder  cannot  do  this  with  ease.  For 
these  reasons,  the  decision  level  will  be  set:  in  the  transponder 
at  a  fixed  absolute  voltage  level,  and  in  the  interrogator  at 
two  or  more  constant  fractions  of  the  peak  pulse  amplitude  (as 
a  function  of  distance) ;  a  bias  adjustment  will  be  made  which 
will  correct,  at  least  partly,  for  the  bias  error  in  the 
transponder.  (see  section  1 . 1 . 1 . 1 .G. 2 .b. (4 )) 

(b)  Bandwidth 

Vo  provide  a  pulse  whose  leading  edge  rises  as  rapidly  as 
possible,  the  information  bandwidth  of  the  "Two-Mode-Ferr is- 
Discrininator "  will  be  set  at  7.0  MHz,  although  the  selectivity 
bandwidth  will  be  kept  at  1.5  MH2  for  absolute  rejection  of  all 
off -frequency  channels.  Since  the  rise-time  of  the  incoming  rf 
pulse  is  t0  =  0.1  us,  the  rise-time  of  the  output  pulse  is: 

tr  =  (tQ2  +  (0.7BW)2)l/2  =  (0.12  +  (0.7/7 .0) 2) 1/2  =  0.14  us. 

(c)  Shape  of  Pulse  (for  analysis) 

E 

A  pulse  whose  leading-edge  is  described  by:  =  y  (  1  -  cos  2nt/ 

V)  rises  from  ej  =  0  at  t  =  0  and  reaches  ej_  =  E,  a  maximum  value, 
at  t  =  T/2 .  It  rises  gradually  and  reaches  its  peak  gradually. 

It  can  be  made  to  decay  the  same  way.  Its  duration  at  the  50% 
points  is  well  defined.  In  addition,  its  spectrum  distribution 
can  be  shown  to  be  the  product  of  independent  functions  of  the 
rise-time  and  duration.  For  these  reasons,  it  is  a  truer  repre¬ 
sentation  of  the  actual  pulse  than  either  the  Gaussian  pulse  or 
the  trapezoidal  pulse.  The  Gaussian  pulse  does  not  have  a  finite 
start  time  and  is  never  equal  to  zero.  The  trapezoidal  pulse  has 
a  discontinuous  slope.  For  these  reasons,  the  proposed  pulse 
will  be  used  in  calculations  except  where  it  introduces  greater 
complexity . 


Report  10926 


The 

proposed 

pulse 

rises 

to : 

el 

=  E/2  at  t 

=  T/4 

The 

proposed 

pulse 

rises 

to : 

el 

=  E  at  t 

=  T/2 

The 

rise- time  from 

0.1E 

to  0 

.  9E 

is  tr  =  0. 

295  T,  or  T 

approx. 

=  3.4  x  0.14 
—  •  4  8  |i  s 

(3)  Description  of  Errors  due  to  Multipath 


(a)  Medium  Delay  Echoes 

Echoes  of  the  first  pulse,  which  arrive  just  before  or  during 
the  second  pulse,  distort  the  shape  of  the  second  pulse, 
null  it  or  can  create  spurious  additional  ~ulses  whose  spacing 
may  be  accepted  by  the  decoder. 

If  the  time  of  arrival  of  the  second  pulse  is  used  for  ranging, 
such  echoes  can  produce  unacceptable  errors.  It  is,  therefore, 
planned  to  use  the  time  of  arrival  of  the  leading-edge  of  the 
first  pulse  for  distance  measurement.  Then  the  second  pulse  of 
the  pair  serves  only  to  identify  the  channel’s  code. 

(b)  Short  Delay  Echoes 

Echoes  of  the  first  pulse,  which  arrive  during  the  leading  edge 
of  the  direct  pulse  and  before  the  decision  level  is  reached  by 
the  direct  pulse  leading  edge  can  cause  unacceptable  bias  errors 
(20  feet),  especially  at  low  altitudes  and  short  distances  when 
the  aircraft  is  in  the  critical  phase  of  landing. 


Contrary  to  recently  held  belief,  the  error  caused  by  a  leading 
edge  does  not  vary  randomly  from  interrogation  to  interrogation  as 
the  aircraft  approaches  the  beacon  and  therefore  cannot  be 
averaged  out  over  several  interrogations  (see  section  F.l).  Thus 
what  was  earlier  considered  to  be  the  major  source  of  random 
error  is  not  applicable  and  a  lower  orf  is  possible  because  less 
averaging  is  required  to  achieve  the  20  ft.  (la)  accuracy. 
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To  combat  this  source  of  bias  error,  the  following  factors  are 
noted:  A  low  value  of  decision-level  increases  the  probability 
that  the  direct  pulse  leading  edge  will  reach  the  decision  level 
before  the  echo  arrives,  and  therefore  increases  the  probability 
of  excluding  the  echo  error.  In  addition,  a  steep  leading  edge 
minimizes  the  error  produced  by  an  echo  which  arrives  before  the 
decision  level  is  reached.  These  two  effects,  which  exist  when 
employing  a  low  decision  threshold,  combine  to  reduce  the  bias 
errors  in  range  measurement  that  are  due  to  short  delay  echoes 
to  a  point  where  they  are  only  a  minor  portion  of  the  total 
error . 

Example 

Figure  8-9  shows  a  direct  pulse  whose  leading  edge  rises 
according  to: 

e]L  =  -y-  (  1  -  cos  2rt/T  )  E  =  2.0  volts 

T  =  0.48  microseconds 

An  echo  (shown  at  B) ,  with  an  amplitude  0 . 5E  arrives  after  a 
delay  of 

30°  =  T/12  =  0.04  pS  =  20’ 

Cui^es  C  and  D  of  figure  8-9  show  the  leading  edge  of  the 
resu. tant  pulse  when  the  echo  respectively  adds  and  subtracts 
from  the  direct  pulse.  Line  E  shows  the  decision-level  at  1.0 
volt  =  0.50E.  it  intersects  the  leading  edge  of  the  direct  pulse 
at  (a)  td  =  90°  =  0.25T  =  60'. 

It  intersects  curve  C  at  (c)  t^  =  79°  =  0.22T  =  52.5’ 

It  intersects  curve  D  at  (d)  t£  =  120°  =  0.33T  =  80' 

Therefore,  at  a  decision  level  of  1.0  voit  (0.5E)  the  maximum 
error  is  80  -  60  -  20  ft. 

If  the  decision  level  is  reduced  from  1.0  o  0.5  volt  (from  0 . 5E 
to  0.25K) ,  the  equivalent  bias  error  is  reduced  to  +4.5'. 
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If  the  decision  level  is  chosen  at  0.25  volt  (0.125E),  the  echo 
is  excluded  because  it  arrives  after  the  decision-level  is 
reached  by  the  leading-edge  of  the  pulse.  The  example  shows  hov; 
a  low  threshold  sharply  reduces  or  eliminates  errors  due  to  short 
delay  multipath. 

Figure  8-10  shows  the  same  2-volt  direct  signal  (E)  as  in  figure 
8-9.  Curves  B  and  C  represent  the  "direct  signal  +  an  echo".  The 
echo's  amplitude  is  0.2E  (-14  dB) .  It  arrives  after  zero  delay. 

A  decision-level  of  1.0  volt  =  0.5E  results  in  a  bias  error  of 
12'.  If  the  decision-level  is  reduced  to  0.5  volt  =  0.25E,  the 
maximum  bias  error  is  4.2'.  These  examples  show  that  a  decision 
level  of  0.25  of  the  direct  signal  amplitude  reduces  the  multi- 
path  bias  error  to  a  negligible  value. 

(4)  Description  of  Errors  due  to  Method  of  Tine- 
Measurement 

As  discussed  under  "General  Considerations",  the  transponder 
uses  a  fixed  decision  level  since  it  cannot  easily  control  the 
amplitude  of  the  received  pulse.  The  interrogator  can  adjust 
its  decision  level  as  a  function  of  range  so  that  the  decision 
level  introduces  a  known  bias  for  nominal  power  levels ,  which  can 
be  subtracted  out  relatively  simply  in  the  interrogator  digital 
ranging  circuits.  To  arrive  at  a  viable  means  of  utilizing  a  low 
threshold,  which  practically  eliminates  multipath  errors,  while 
at  the  same  time  introducing  only  small  bias  errors,  the  following 
approach  was  used. 

Assume  the  leading  edge  of  the  received  signal  to  be  expressed  by 

J] 

el  =  *2^-  C1  “  cos  2nt/T] 

where  Ep  is  the  voltage  produced  by  an  a/c  30nmi  away 

Then  the  voltage  received  fr' m  an  a/c  at  a  distance (d) nmi  it 
r.0  30  _ 

el  =  /  T  C1  ~  -  *  2*t/v] 
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The  leading  edge  reaches  the  decision  level  Ed  at  time  td;  letting 
Ed  =  aEp  then 

Ed  =  aEp  =  Ep  ~  [1  -  COS  2ntd/T] 
cancelling  Ep  and  solving  for  td: 


td  =  T/2n  cos 


1  [i  -  ff] 


The  reference  time  tp  is  taken  when  d  «  20  nmi  and  t  =  T/4,  so 
that  the  time  bias  is 

td  -  T/4  -<  T/2n  cos"1  £l  -  ||j-  T/4  ^sec 

The  distance  bias  error,  x,  is: 

x  =  500  T/2n  cos-1  Fl  -  — j  -  500  T/4  feet 

if  T  -  0.048  |j.sec; 

x  =  38.2  cos”1  fl  -  -  60  feet 


500  T/4  feet 


-i  fi  -  ad'  . 

1  15J 


60  feet 


let  a  =  0.5  for  the  nominal  value  of  Ep 

a  =  0.25  for  the  nominal  value  of  Ep  +  6db 
a  *  1.0  for  the  nominal  value  of  Ep  -  6db 

and  solving  for  x  (the  distance  bias  error) : 


d: 

30 

15 

7.5 

6 

3 

2 

1 

n  .mi 

x,  for 

nominal  signal  level: 

0 

-20 

-32 

-36 

-43  - 

46 

-50 

ft. 

x ,  for 

+6db  level : 

-20 

-32 

-41 

-43 

-48  - 

50 

-53 

ft. 

x ,  for 

-6db  level: 

60 

0 

-20 

-25 

-36  - 

40 

-46 

ft. 

if  the 

interrogator  read-out 

adds 

40’ 

to  < 

all  values 

: 

x  (nominal)  : 

+40 

+  20 

+8 

+  4 

-3 

-6 

-10 

ft. 

x  +6db 

■>■20 

+  8 

-1 

-3 

-8  - 

10 

-13 

ft. 

x  -6db 

+  100 

+  40 

+  20 

+15 

+  4 

0 

-6 

ft. 

We  see  that  all  bias  errors  are  within  ±20'  for  all  distances 
from  7.5  nmi  to  zero  miles. 
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A  dynamic  bias  correction  as  a  function  of  distance  may  be 
applied;  then  if  the  error  is  corrected  for  nominal  power  levels. 


a 

+6db  power 

variation  will  result 

in: 

d (nmi)  : 

30 

15 

7.5 

6 

3 

2 

1 

nmi 

X 

(nominal)  s 

0 

0 

0 

0 

0 

0 

0 

ft. 

X 

(+6db)  : 

-20 

-12 

-9 

-7 

-5 

-4 

-3 

ft. 

«  • 

J  V 

(-6db)  : 

+60 

+  20 

+  12 

+  11 

+  7 

+6 

-4 

ft. 

1-lote  that  in 

a  practical  sense  all 

bias  errors 

are 

within 

the  20 

feet  specification  (the  -6db  level  at  30  nmi  would  not  be 
detected  with  regularity) • 

In  the  tables  presented  it  was  assumed  that  the  received  signal 
voltage  increased  linearly  with  range.  This  condition  exists  only 
up  to  the  point  where  the  aircraft  begins  to  fly  "under"  the  beam 
as  discussed  in  the  seciton  on  low  elevation  coverage.  This 
means  that  the  bias  error  for  d  less  than  3  nmi  as  presented  in 
the  tables  is  not  exactly  represented.  However,  figure  8-11, 
a  plot  of  decision  time  vs.  signal/threshold,  is  presented  which 
shows  that  if  the  Interrogator  is  adjusted  to  have  zero  bias 
error  for  the  nominal  level j  expected  at  flare  initiation,  the 
most  critical  phase  of  landing,  a  plus  or  minus  lOdb  deviation 
from  nominal  will  introduce  entirely  tolerable  bias  errors.  This 
relative  insensitivity  to  power  levels  will  permit  the  biaB 
correction  to  be  simply  made  for  the  region  where  maximum  accuracy 
ir  required,  with  only  small  errors  for  deviations  from  nominal 
signal  levels. 

A  method  for  setting  up  the  interrogator  to  correct  for  bias 
errors  is  shown  in  figure  8-12.  Referring  to  the  figure,  the 
interrogator  synchronizing  trigger  is  fed  to  both  the  ranging 
circuitry  and  the  external  precise  controllable  delay  device. 

The  delayed  trigger  initiates  the  transmitter,  a  small  amount  of 
signal  is  coupled  from  the  transmitter  output  to  a  test  trans¬ 
ponder  via  an  adjustable  attenuator.  The  transponder  provides 
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the  50-microsecond  system  delay  and  its  output  is  fed  to  the 
Interrogator  receiver  through  another  adjustable  attenuator.  The 
Interrogator  performs  ranging  measurements  on  the  received  pulse 
and  the  range  readout  is  compared  to  the  precise  delay  setting 
which  simulates  propagation  delay. 

To  set  the  Interrogator  up  for  a  corrected  bias  error  at  flaro 
initiation,  the  following  may  be  done:  An  initial  tost  is  run 
with  the  precise  delay  simulating  30  n.mi.  range  and  the 
attenuators  adjusted  to  provide  the  30  n.mi.  nominal  signal 
levels  to  the  transponder  and  interrogator  receivers.  The 
interrogator  threshold  for  this  range  will  be  at  the  50% 
amplitude  point.  Delay  trim  is  adjusted  so  that  the  reading 
agrees  within  measuring  accuracy  with  the  precise  delay  setting. 
The  second  test  is  run  with  the  precise  delay  set  for  the  mean 
range  for  flare  initiation,  where  the  highest  accuracy  is 
required.  The  transponder  and  interrogator  received  signal 
levels  are  set  for  the  nominal  value  expected.  The  interrogator 
threshold  is  now  set  at  a  low  level,  say  25%  of  peak  amplitude, 
and  the  range  measurement  should  be  in  error  by  approximately 
-40  feet.  A  12.5  MHz  clock  counts  in  40  feet  increments.  Thus, 
for  this  frequency  clock,  the  Interrogator  will  add  a  count  for 
this  range.  This  additional  count  can  be  used  for  ranges  from 
about  10  n.mi.  on  in  to  touchdown  and  the  bias  error  will  be 
within  20  feet  for  a  +6db  variation  in  power  levels,  and  for  an 
even  higher  power  variation  at  the  critical  ranges  near  flare 
initiation . 

(5)  Description  of  Random  Errors 
(a)  Listing  of  Sources 

Random  errors  in  distance  measurement  consist  of: 

o  Jitter  due  to  receiver  thermal  noise:  the  thermal  noise 
of  the  receiving  system  adds  (or  subtracts  from)  the 
received  signal  and  distorts  it,  causing  the  leading 
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edge  to  cross  a  reference  point  both  earlier  and  later 
than  a  noise-free  signal  in  a  random  fashion  pulse-to- 
pulse. 

o  Jitter  due  to  a  varying  decision  threshold,  limited  to 
the  accuracy  of  holding  a  d.c.  reference.  It  is  assumed 
conservatively  that  the  uncertainty  is  10%. 

o  Jitter  due  to  time-quantization  which  occurs  when 

digital  clocks  are  used  to  measure  or  introduce  delay 
of  analog  signals. 

o  Jitter  that  occurs  in  the  modulator/transmitter  between 
the  input  video  pulse  and  the  output  rf  pulse. 

o  Jitter  due  to  the  reception  of  unsynchronized  replies  in 
the  interrogator  track  gate. 

o  Jitter  due  to  moving  multipath  reflections  which  can 
cause  echoes  to  distort  the  leading  edge  of  the  direct 
path  pulse. 

(b)  Quantitative  Estimates  -  Transponder 
In  the  transponder,  the  sources  of  random  error  and  estimates 


of  their  <r '  s  are  ; 

SOURCE 

{thermal  noise  (varies  with  distance)} .  +  .008|j.s  (@5 

+  ?  n.mi.  range) 

decision  level  noise  )  (see  1 . 1. 1. l.G. 6 .b) 

°n  Moving  Multipath  (estimate)  .  +.01^.8 

°m/t  Modulator /Transmitter  .  +  .  Oljis 


°TRAMSPONDER  “  '4°nj)2  +  (°m) 2  +  (°m/t)2  "  0.016  ^s  -  8  feet 

Note  that  there  is  no  quantization  error  in  the  transponder. 
System  delay  is  achieved  via  an  acoustic  surface  wave  delay  line 
which  does  not  introduce  any  jitter.  The  delay  line  is  described 
in  section  1 . 1. 1 . 1 ,G. 4 .b. (2) . 


) 
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In  the  Interrogator,  the  sources  of  random  error  and  estimates 


of  their  a- ' s  are: 

SOURCE 

(Thermal  noise  (varies  with  distance)! .  +  .006|j.s  (65 

+  >  nmi  range) 

Decision  level  noise  ) 

°n  Quantization  (12.5  MHz  clock)  . 023ps 

Of  Unsvnchronized  replies  (see  ref.  1) . 014p.s 

op  Moving  multipath  (estimate)  . OlO^is 


0  INTERROGATOR  -  ^(°nj>2  +  (°q>2  +  (°f)2  +  M2  =  0.03„s  =  15  feet 

. to  that  there  is  no  nodulator/transnitter  error  in  the  Inter- 
i  *r,  this  is  because  the  output  of  the  transmitter  is  used 
to  initiate  the  range  measuring  circuits.  This  avoids  the  error 
which  would  occur  if  the  pulse  signal  to  the  modulator  was  used 
to  initiate  the  range  measuring  circuits. 

If  we  combine  these  errors  to  get  the  round  trip  standard 
deviation  we  get 

0  TOTAL  =  n/2  (cn_j )  2  +  2(^rf+”  (°f)2  +  (°n/t>  2  =  0.034Hs  =  17  feet 
J  (5  nmi) 

If  a  digital  system  delay  were  used  in  the  transponder,  with  a 
12.5  MHz  clock,  rate,  the  errors  would  be 

°TRANSPOHDER  =  0«028(iS  =  14  feet  (5  nmi) 

0 TOTAL  =  -041ns  =  20.5  feet  (5  nmi) 


ReTi  1~  "Errors  in  ILS/DME  Caused  by  Responses  to  Other  Aircraft, 
AGC  Signals,  and  Identification  Signals'  Appendix  D, 

J.  J.  Gibson,  AD  427  721  (Accurate  DME  For  Use  With  ILS) 
by  C.  J.  Ilirsch 
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(6)  Effect  of  Averaging 

Although  it  appears  that  the  accuracy  requirement  of  20  feet  (l<r) 
can  be  net  on  a  3ingle  interrogation/reply,  it  may  be  desirable 
to  average  several  measurements  to  provide  a  margin  of  confidence 
\;ith  a  moderate  increase  in  complexity.  In  anv  event,  an 
investigation  of  averaging  effects  and  means  of  implementation 
have  been  made  to  provide  an  avenue  of  design  approach  open  for 
application  if  it  is  concluded  that  averaging  provides  a  cost 
effective  benefit. 

If  we  neglect  acceleration  for  simplicity  of  explanation  (leaving 
its  inclusion  for  section  1 . 1 . 1 . 1 .G . 6 . e)  ,  we  can  express  the 
range  of  an  aircraft  that  is  approaching  a  beacon  as  X0  at  time 
tj.  Further,  if  it  approaches  with  a  velocity  v,  and  the  inter¬ 
rogation  period  is  T,  the  sum  of  n  measurements  of  distance  (x) 
is  : 

n  .  _ .  . 

T  xn  =  nxo  -  n("~AI  vT  +  JK  °x  (see  1. 1. 1. 1.6.6 .e) 

1  i 

where  °x  is  the  error  associated  with  each  measurement.  The 
average  of  the  n  measurements  is: 


_  1  N 


*n  " 


n-1 


VT  + 


The  random  error  is  reduced  by  However,  a  lag  is  intro¬ 

duced,  in  that  the  average  of  the  n  measurements  gives  the  range 

-  1  • 

for  the  time  of  the  — y-  measurement  and  not  for  the  last  (nth) 
measurement,  which  is  ’now".  To  update  the  average  so  that  it 
corresponds  to  the  range  at  the  nth  measurement,  we  can  identify 
the  correction  needed  as 


Ax 


-v 


(n-1) 

—T~ 


T 


which  when  added  to  the  average  will  yield 


ox 


x  (corrected)  =  x0  -  (n-1)  vT  + 


) 


J 


) 
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which  is  the  range  at  the  time  of  the  nth  measurement;  with  the 
<rx  reduced  by  1// n . 

Implementation  of  averaging  and  the  means  for  lag  correction  are 
discussed  in  section  1.1.1. 1.(1. 4. a  which  describes  the  inter¬ 
rogator  for  the  K  configuration  system. 

c.  Accuracy:  Range-Rate 

(1)  Definition  of  Issue: 

The  Technical  issue  is:  how  can  a  measure  of  the  range-rate  be 
obtained  from  a  series  of  range  measurements,  in  an  apnroach 
nost  suitable  for  the  Airborne  Interrogator  and  having  a  standard 
deviation  of  10  ft/sec?  Fundamentally,  if  we  assume  constant 
range-rate  motion,  the  range-rate  is  obtained  by  measuring  the 
change  in  range  (AR)  over  a  known  time  interval  (T) .  errors 
in  this  measurement  are  due  to  errors  in  the  range  measurements 
(<rx)  and  in  the  time  interval  (crt)  .  If  the  assumed  constant 
rango-rate  motion  is  incorrect  (there  are  higher  order  motions 
involved  such  as  acceleration  and  jerk)  the  simple  method  of 
AR/T  will  yield  the  average  velocity  in  the  interval,  referred 
to  the  midpoint  of  the  interval,  and  will  be  in  error.  For  the 
dynamics  of  landing  maneuvers  it  has  been  concluded  that  for  the 
periods  when  accelerations  do  occur  (in  standard  turns  and  in  the 
deceleration  after  touchdown)  the  range-rate  error  is  acceptable, 
especially  since  in  less  than  two  seconds  after  the  accelerations 
are  din continued,  the  errors  due  to  then  become  neglible. 

(2)  Quantification  of;  Range  -Rate  Measurement 

If  an  a/c  travels  a  distance  x  in  tne  time  t,  the  average 
velocity  is  v  «  x/t.  The  error  ir.  measuring  v,  (dv)  ,  can  be 
expressed  as : 

dv  =  dx  +  dt 

where  dx  is  the  error  in  x;dt  is  the  error  in  t 


1 
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substituting  v=x/t: 


1  x 

dv  =  —  dx - ;  dt 

t  t2 


t4» 


Assuming  that  dx  and  dt  are  statistically  independent: 

i  /i1y\2  /vdt-\2 


<^>2  -  (i *  (¥) 


The  design  parameter  that  is  used  to  neet  a  specified  range-rate 
error  ,  dv ,  with  a  given  range  measurement  error,  dx,  is  t,  the 
elapsed  time  between  range  measurements .  Solving  for  t  in  terms 
of  dx  and  dv :  , . 


/(dv)  2 


Examination  of  the  term  v  —  reveals  that  for  a  conservative 
estimate  of  time  measurement  accuracy  cr  j  x  10“ J  (dt) ;  for  an 
interval  of  roughly  1  second  (r.)  ;  and  for  a  velocity  of  1000 
ft/sec  (v),  the  term  can  be  neglected  'with  negligible  effect 

on  the  calculation  for  r  (when  dv  is  specified  as  10  ft/sec.). 
Thus : 

i-  ^  i 

” u  dv  ~  10 

The  error  dx  is  actually  made  up  of  the  two  errors  made  in 
measuring  the  distance  x:  at  the  start  of  the  interval  t,  and 
at  the  end  of  the  interval.  Therefore,  dx  =  *[2  <5X  where  <5X  is 
the  distance  error  per  each  measurement  used  in  the  range-rate 
computation . 

If  we  further  assume  that  6X  is  the  average  of  N  measurements 
of  x,  each  of  these  measurements  having  an  error  of  crx,  then  dx 
can  be  written: 

dx  =  f2 

*  v  n 


dx  =  W-  a3 


and  t  is  now: 


1 2  Jx, 
=  VTT  10 
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In  measuring  range-rate  then,  the  above  analysis  has  assumed  that 
we  average  N  measurements  of  range,  made  over  an  interval  N  (At) , 
where  (At)  is  the  time  between  measurements?  then  over  the  next 
N  (At)  interval  we  also  average  N  measurements  of  range  to  obtain 
a  later  range  measurement?  these  two  averaged  measurements  are 
subtracted  to  get  the  range  change  over  the  interval  between  them 
(which  is  N  (At)  ) ,  and  ra  age  rate  is  computed  by  dividing  the 
ranee  difference  by  N  (At). 

The  .ime  (t)  required  to  achieve  the  10  ft/sec  ac.  racy  is  a 
function  of  At  and  N  and  can  be  computed  for  two  typical  Interro¬ 
gation  rates,  15  and  20,  which  correspond  to  At  =  1/15  see.  and 
1/20  sec.  respectively. 

Using 

t  -  N  (At)  =  yi/N  °x/10 

or 


for  rx  =  20  feet: 

11  =  (2. 82/At)  2/3 ,  then: 


Interrogation  Rate  15/sec 


20/sec 


N .  *13  *15 

t .  0.87  sec.  0.75/sec. 


Note  that  the  higher  interrogation  rate  (prf)  allows  achievement 
cf  the  required  accuracy  in  a  shorter  time,  as  might  be  expected. 

Also,  an  important  point  to  realize  is  that  the  total  time  re¬ 
quired  to  make  the  range  rate  measurement  is  2t,  because  two 
sue  easive  averaging  periods  of  t  'N  (At))  are  required  to  obtain 
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the  averaged  range  measurements.  Thus  the  total  time  (2t)  between 
independent  range-rate  measurements  is: 


prf 

2t 

20 

1.5  seconds 

15 

1.74  seconds 

(3)  Comparison  with  Optimum  Averaging 


If  we  make  the  same  assumptions  as  in  the  above  discussion;  that 
the  range-rate  is  constant  and  the  errors  due  to  uncertainties  in 
time  measurement  are  negligible,  the  minimum  variance  obtainable 
in  an  estimate  of  range-rate  from  a  series  of  range  measurements 
is  (Reference  2): 


o 


2 

x 


12 

M(M2-1) 


<t2 

x _ 

(At) 


2 


(M  large) 


where 

2 

o' *  =  range-rate  variance 

X 

2 

o  x  =  range  variance  per  measurement 
M  =  total  number  of  range  measurements  made 


At  =  time  between  range  measurements 


This  minimum  variance  is  obtaned  by  performing  a  linearly 
weighted  average  as  described  by: 


1/M3 (At) 


M+l 

2 

i=l 


/M+l 
\  2 


-x. 

l 


) 


-  (^~1)  -^S-x  -*2) 


+  etc . 


MTAt 


Reference  2:  R.  B.  Blackman  "Data  Smoothing  and  Prediction" 

Chapters  7  and  8  Addison-We3ley  Publishing  Co.  1965 
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where 


the  i 


th 


range  measurement 


Note  that  each  successive  range  difference  is  weighted  on  a 
linearly  decreasing  scale.  In  words,  if  we  take  M  range  measure¬ 
ments,  find  the  difference  between  the  Mth  and  1st,  the  (M-l)th 
and  2n<*,  etc.  and  weight  the  differences  having  the  larger  time 
separations  heavier  than  the  others  in  a  linearly  weighted  aver¬ 
age,  we  will  obtain  the  minimum  variance  estimate  of  range-rate 
for  the  conditions  assumed. 


To  compare  the  performance  of  the  technique  described  in  part  b, 
called  Bub-optimum  as  against  the  optimum,  we  can  compare  the 
processing  time  required  to  achieve  the  specified  10  ft. /sec 
accuracy.  Using  a  <r  *  20  feet,  and  an  interrogation  rate  (prf) 
of  20/sec,  we  find  M  to  achieve  =  10  ft/sec: 


or 


<r£  (min)  « 


m3/2  - 


M3''2  (At) 
"x 

a  x  ^ 


Jl2  20 
10 (1/20) 


138.5 


M  »  (138.5)2/3  -  26.8 

M  *  27 

The  processing  (t  t)  tim*  is  then: 


t 


opt 


M  (At) 

27  (1/20) 
1.35  seconds 


Comparing  2t  o'  part  b  above  with  t  t  indicates  that  a  slightly 
longer  time  is  required  in  the  suboptimum  technique,  about  11% 
more  than  in  the  optimum.  Since  the  linearly  weighted  average 
technique  would  be  more  complex  and  require  more  storage  and 
computations,  the  equally  weighted  average  approach  will  be  used  to 
derive  range-rate  information  in  the  Airborne  Interrogator. 
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It  is  of  interest  to  note  that  if  we  use  no  averaging;  that  is, 
we  simply  difference  two  range  measurements  and  divide  by  the 
elapsed  time  between  them,  the  t:.me  required  to  achieve  the 
desired  accuracy  can  be  found  from: 

J2  *x 

x  T 

where  T  is  elapsed  time 

for  a  =20  ft.  and  •  =  10  ft/sec.: 
x  x 

T  =  ~  2.0  seconds 

This  approach  is  somewhat  simpler  and  the  penalty  of  waiting  every 
2.8  seconds  has  not  been  clearly  quantified  as  yet  in  the  total 
landing  system  dynamics  and  control.  This  option  will  be  kept 
open  during  the  Feasibility  Program  and  will  be  evaluated  in  the 
Factory  and  Flight  Test  Programs  along  with  the  averaging  tech¬ 
nique.  The  choice  for  the  Prototype  Program  will  be  made  during 
Feasibility. 

The  method  of  implementation  for  measuring  range-rate  using  the 
straight  forward  averaging  technique  discussed  above  is  described 
in  section  1.1. 1.1. G. 4. a,  which  presents  the  Interrogator 
description . 

d.  Traffic  Capacity 

(1)  Definition  of  Issue 

The  issue  of  traffic  capacity  involves  the  provision  of  200  non¬ 
interfering  channels  in  a  limited  band  such  that  the  accuracy 
reguirements  can  be  met;  and  in  the  heaviest  traffic  conditions, 
each  Interrogator  can  obtain  reliable  distance  information  with 
highest  integrity.  To  meet  the  conflicting  demands  of  high  accu¬ 
racy  and  limited  spectrum,  the  SC-117  recommended  approach 
(adopted  here)  is  to  pulse-code  multiplex  each  of  twenty  channel 
frequencies  ten  times;  with  the  twenty  frequency-channels  sepa¬ 
rated  by  3  MFi  in  a  60  MHz  band.  This  brings  up  the  questions  of 
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of f- frequency  channel  interference  when  wideband  processing  is 
used  for  accuracy;  and  false  decoding  when  many  pulses  are  being 
transmitted  on  the  same  frequency. 

(2)  Channel  Plan 

Table  8-3  shows  the  Channel  Plan  recommended  by  SC-117.  This 
plan  has  been  adopted  by  Hazeltine.  investigations  made  during  the 
TACD  phase  and  as  described  below  have  verified  the  workability  of 
thi.s  plan  and  no  strong  reason  for  altering  it  has  arisen. 

(3)  Wide-Band  Processing  and  Selectivity 

As  discussed  in  the  section  on  range  accuracy,  sharp  rise  time 
pulses  and  wide  bandwidth  (7.0  MHz)  processing  are  beneficial  in 
meeting  the  accuracy  requirements,  particularly  in  a  multipath 
environment.  Sharp  rise-time  pulses  have  considerable  spectral 
energy  outside  the  channel  band.  Figure  8-16  shows  the  condition 
for  a  3  MHz  channel  separation  and  a  0.67  p second  puls;e  width. 
Clearly,  adjacent  channels  would  interfere  when  using  a  wide  band¬ 
width  receiver.  In  order  to  provide  simultaneous  wide  bandwidth 
processing  with  absolute  rejection  of  off-channel  signals,  a 
Two-Mode  Ferris  Discriminator  will  be  used.  As  described  in 
Section  3. a. 2,  this  circuit  has  a  selectivity  band  of  about 
1.5  MHz  which  "screens"  the  input  and  allows  only  in-band  signals 
to  be  processed  in  a  wide  band  system.  This  circuit  was  experi¬ 
mentally  verified  during  °hase  I  and  a  description  of  the  tests 
and  results  are  found  in  Section  3.a.2. 

(4)  Traffic  Density 
(a)  General 

The  introduction  of  pulse-code  multiplexing  (by  ten  times)  to 
achieve  the  required  number  of  channels  in  the  60  MHz  band  raises 
the  question  of  the  susceptability  of  such  a  system  to  mutual 
interference  in  the  form  of  false  decoding.  In  general,,  the 
parameters  that  affect  false  decoding  are  the  interrogation  rate, 
the  reply  rate,  the  decoder  tolerance,  the  coding  technique,  and 
time  selectivity.  In  the  section  on  accuracy  it  was  shown  that 
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Table  8-3.  DME  CHANNEL  PLAN 


<TN 

m 

• 

o 

<*> 

O  00 

IT  o 

<T\ 

VO 

o 

CD 

<n  m 

•> 

o 

O  O 

•H  r-i 

(N 

in 

m 

m 

in  in 

in  in 

m 

rH 

10  channels 
created  by 
pulse  codes 
(see  below) 


Angle  Angle 

C-BAND  Ku-Band 

5130. 0  15,409.0 

5130.6  15,409.9 

5132.4  15,412.6 

5190.0  15,413.5 

5190.6  15,414.4 

5192.4  15,417.1 

5133.0  15,418.0 

5135.4  15,421.6 

5193.0  15,422.5 

5184.0  15,571.0 

5187.0  15,580.0 

5189.4  15,583.6 

5247.0  15,584.5 

5249.4  15,588.1 


Pulse  Codes  per  Frequency  Channel; 

per  SC  117:  A/G  -  Pulse  Pair  Spacing  of  1J  +  2  (n-1)  ps 
G/A  -  Pulse  Pair  Spacing  of  28  -  2  (n-1) 
where  n  =  No.  of  Channel 

for  n=10:  Minimum  Spacing  =  10  ps 
Maximum  Spacing  =  28  ^s 
for  each  channel:  (A/G  +  G/A)  Spacing  =  38  ¥s 
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with  the  actuiv..,  obtainable  on  a  single  interrogation,  the  prf  of 
the  interrogator  can  be  lowered  from  the  40  PP/s  of  SC-117  to 
something  substantially  lower  {10  to  20  PP/s)  which  reduces  the 
pulse  density  proportionately.  In  the  descriptions  below,  the 
traffic  density  problem  is  presented  as  a  function  of  Interrogator 
prf  to  clearly  show  its  affect. 

(b)  Transponder  Traffic  Handling 

The  table  8-4  below  summarizes  the  ma.imum  traffic  seen  by  a 
transponder,  per  SC-117: 

Table  8-4.  MAXIMUM  TRAFFIC  AS  SEEN  BV  A  TRANSPONDER 


No.  of 
Interro¬ 
gators 

(1)  Interrogators  requir-  66 

ing  primary  DME 
service 

(2)  Interrogators  testing  100 

on  the  ground  at  a 

prf  of  5  PP/s 

TOTAL  VALID  INT.  RATE  1160  1490  1820 

(3)  Interrogators  on  396  3960  5940  7920 

correct  frequency 

but  on  wrong  pulse- 
code  (44  x  9) 


Interrogation  Rate 


prf=10  prf=15 
Int .  Int. 

660  sec  990  sec 


prf=20 

Int. 
1320  sec 


500 


500 


500 


TOTAL  INT.  RATE 


5120 


7430 


10,070 
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Spurious  decodable  pairs  are  created  by  the  interrogators  that  are 
on  the  correct  frequency  but  on  the  wrong  pulse  code.  In  the  next 
section ,  which  compares  three-pulse  coding  against  two-pulse  coding , 
an  expression  is  developed  for  the  false  decode  rate.  The  ex¬ 
pression  is: 


-  2 

False  Decode  Rate  (2  pulse  codes)  »  At  A  T 
where  7it  *  av.  no.  pulses  per  sec. 


At  =  decoder  tolerance  window 


Note  that  At  is  the  average  number  of  pulses  per  second;  and  since 
there  are  two  pulses  per  interrogation,  At  *  2  x  no.  of  Interro¬ 
gations/sec. 

Using  the  number  of  interrogations  per  second  from  line  (3)  of  the 
above  Table,  and  a  decoder  tolerance  of  0.5  ^seconds,  the  follow¬ 
ing  false  decode  rates  are  calculated: 


prf . 

.  .  .  10 

15 

20 

Rp  (Decodes/sec)  . 

.  .  .  32 

72 

128 

2 

%  increase  yell'd  x  100) 

...  2.8% 

4.8% 

7 

The  percent  increase  due  to  spurious  decodable  pairs  is  considered 
negligible  for  all  three  prf’s. 

It  is  important  to  note  that  for  a  wide  bandwidth  IF  (7.0  MHz), 
adjacent  channel  signals  will  be  passed  and  the  total  received 
interrogation  rate  will  become: 


Ell 

Three-Channel  Int.  J 

10 

15,360  Int. /sec 

15 

22,290 

20 

30,210 

If  echo  suppression  must  be  applied  by  detecting  the  peak  amplitude 
of  the  first  pulse  and  developing  a  threshold  6  dB  down  from  that 
peak  for  the  code  length,  unavailability  of  the  beacon  would  be 
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intolerable  if  the  echo  suppression  circuit  were  implemented  at 
IF.  Echo  suppression  should  be  accomplished  at  video,  after  the 
Ferris  Discriminator  has  eliminated  off-channel  signals. 

(c)  Interrogator  Traffic  Handling 

A  strong  factor  works  to  the  benefit  of  the  Interrogator  with  re¬ 
gard  to  its  capability  to  handle  high  density  traffic.  This  factor 
is  that  the  Interrogator  knows  when  to  expect  a  reply  and  can  use 
time  selectivity  as  a  means  to  obtain  immunity  to  interfering 
pulses.  This  is  especially  true  because  the  MLS  DME  operating 
range  iB  only  30  nmi. 

To  illustrate  the  effectiveness  of  time  selectivity  consider  the 
following: 

There  can  be  ten  transponders  transmitting  on  the  same  frequency, 
reaching  the  Interrogator  (to  assume  a  worst  case).  Each  tran¬ 
sponder  may  be  transmitting  at  say  2700  replies  per  second;  and 
one  of  these  transponders  is  replying  with  the  correct  code  while 
the  others  are  not.  There  are  therefore  2700  valid  replies  per 
second  plus  false  decodes  (F2)  at  a  rate: 

F2  =  V  (AT  ) 

where  b^  =  av.  no.  of  pulses  per  second 
At  =  decoder  acceptance  window 

b  =  2700  replies/sec  x  10  transponders  x  2  pulses/ 

^  3 

code  =  5  4  x  10  pulse/sec 

At  =  0.5  microseconds 

F2  =  (54  x  103)2  0.5  x  10"6 

=  1460  false  decodes/second 

The  total  number  of  decodes  (false  and  valid)  per  second  is  4160  per 
second.  But  if  the  Interrogator,  in  search,  is  responsive  for  only 
360  microseconds  for  every  interrogation,  there  are  only 

360  x  10-6sec  x  4160  de^odes  =  x.5  false  decodes/interrogation 
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This  rate  of  false  decodes  per  interrogation  is  easily  tolerable; 
its  effect  is  to  increase  the  search  time  Bomewhat.  Search  times 
of  less  than  0.45  seconds  have  been  computed  and  are  discussed  in 
Section  4. a. 3. 

In  track,  where  the  gate  can  be  narrowed  by  at  least  a  factor  of 
ten,  the  false  decodes  have  a  very  minor  effect  on  accuracy.  This 
factor  has  been  accounted  for  in  the  discussion  on  sources  of  ran¬ 
dom  errors. 

(d)  Effect  of  False  Decodes  on  Long  Time-Cons  cant 
AGC  and  Identity  Coding 

The  following  Table  shows  the  false  decode  rate  (F2>  and  the  in¬ 
crease  in  percent  of  accepted  replies  without  time-gating  in  the 
Interrogator  for  different  values  of  transponder  reply  rate  (nr)  - 
which  is  a  function  of  the  interrogation  rate  (q)  -  and  for  differ¬ 
ent  values  of  decoder  tolerance  (dT): 


In  900  1600  2500 

s 

nr  +  F2  2400  3600  5000 

F2 

( - 3— -)x  100  37.5%  44.5%  50% 

nr  *2 

The  percentage  of  accepted  replies  is  seen  to  be  rather  high.  This 
could  interfere  with  long-time  constant  age,  if  used,  because  the 
age  will  be  determined  in  good  measure  by  replies  from  other  beacons 
a3  veil  as  the  desired  one.  Open  loop  gain-time-control  in  which 
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gain  is  controlled  as  a  function  of  range  is  proposed  in  the 
Hazeltine  DME  approach;  this  avoids  the  problem  of  agc'ing  on 
false  decodes. 

The  high  number  of  spuric  as  replies  may  also  seriously  confuse  the 
"identity"  coding  proposed  by  RTCA  SC-117  and  scramble  the  message. 
(RTCA  SC-117  suggested  a  reply  identity  coding  by  transmitting  a 
reply  code  of  10.0  +  2  (n-1)  for  a  logic  (1)  and  10.75  +  2  (n-.l) 
for  a  logic  (0).  This  subject  must  be  studied  in  depth  to  prevent 
scrambled  identity. 

(5)  Two-Pulse  vs.  Three-Pulse  Coding 

An  investigation  was  made  into  the  relative  merits  of  3-pulse 
codes  vs.  2-pulse  codes  with  regard  to  the  generation  of  spurious 
pulse  codes  acceptable  to  either  the  transponder  or  interrogator 
decoder  during  heavy  traffic  conditions.  A  summary  of  the  investi¬ 
gation  is  presented  below. 

(a)  Transponder  False  Decode  Rate 

Characterization  of  Pulse  Density 

Appendix  H  of  the  SC-117  report  DO-148  assumes  that  44  interro¬ 
gators  on  each  of  9  different  code  multiplexed  channels  (but  on  the 
same  frequency)  can  be  reaching  a  transponder  that  is  receptive  to 
a  different  (10th)  pulse  code.  The  average  pulse  density,  a",  under 
these  conditions  is  given  by 

a  ■  44  interrogators  x  9  codes  x  N  pulse/code  x  nr  pulse 
codes/sec 

H  =  396  Nr.^  average  number  of  pulses  per  second  (1) 

The  assumption  is  made  t-hat  the  aircraft  interrogators  have  non- 
synchronized  random  interrogation  frequencies,  and  are  at  random 
(and  changing)  ranges  from  the  transponder.  Under  these  conditions, 
the  pulses  that  the  transponder  receives  occur  randomly  in  time, 
with  the  average  rate  given  by  396  Nnr.  A  random  pulse  train  may 


8-53 


Report  10926 


be  described  by  the  Poisson  probability  distribution  which  says 
that  the  probability  that  K  pulses  occur  in  a  time  interval  t  is 
given  by 


P(k,T) 


(at) 


(2) 


where  a  is  the  average  number  of  pulses  per  sec  =  396  Nnr 

This  representation  of  the  pulse  train  seen  by  the  transponder 
does  not  account  for  the  fact  that  each  pulse  of  an  interrogation 
has  companion  pulses  as  part  of  the  interrogation  pulse  code  which 
are  not  random  with  respect  to  each  other.  However,  the  effect  of 
this  characteristic  will  be  small  and  the  approximation  by  the 
Poisson  distribution  is  adequate  for  a  relative  comparison  between 
2-pulse  and  3-pulse  codes. 

Solving  for  False  Decode  Rates 

To  determine  the  false  decode  rate  of  this  randomly  spaced  pulse 
train,  we  can  proceed  as  follows: 

For  each  pulse  as  it  appears  in  time  sequence  at  the 
transponder,  determine  the  probability  that  at  least 
one  pulse  appears  in  each  of  the  later  time  slots 
that  correspond  to  the  decoder  spacing  and  tolerance. 

(There  is  one  later  time  slot  for  a  2-pulse  code  and 
two  for  a  3-pulse  code.)  This  probability,  multiplied 
by  the  average  number  of  pulses  per  second,  gives  the 
average  rate  of  false  decodes. 

Two-Pulse  Code  Computation 

Applying  the  procedure  to  the  case  for  a  2-pulse  code,  the  proba¬ 
bility  that  at  least  one  pulse  of  the  random  pulse  train  will 
appear  in  the  interval  that  will  produce  a  decodable  pair  is  given 
by  (2)  : 

P(K>  1,At)  =  1  -  Probability  of  zero  pulses  in  Ar 
»  1  -  e"®2  (At) 
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where  a2  =*  the  average  no.  of  pulses  per  second  for 
pulse  pair  coding 

and  (at)  «  the  decoder  acceptance  tolerance 
If  a?  (at)  is  small,  expanding  e~a2^T)  reveals  that 

F(K  ?  1  ,  at  )  r,  aj  (AT) 

From  ( 1 ) : 

if 2  “  396  N  r»r 

For  pulse  pair  coding  (N  =  2) ,  an  interrogation  frequency  (nr)  of 
20  pp/s,  and  a  decoder  tolerance  (at)  of  0.5  microseconds: 

a^  (at)  as  16,000  pulses/second  x  0.5  x  10  6  seconds 

=  .008 


Thus 


P  (K  >  1,A1  )  sa  .008 

The  false  decode  rate  for  pulse  pa  ir  coding  (Rj,  )  is  now  the  product 
of  a2  and  P(K»  1,At)  which  is:  ^ 

R_  =  .008  x  16,000 

F2 


or 


128  false  decodes  per  second  (ave . ) 


Three -Pulse  Code  Computation 

To  realize  the  benefits  of  a  3-pulse  code,  the  spacings  between 
pulses  of  any  code  must  be  1)  different  from  each  other, 

2)  different  from  any  other  spacings  used  in  other  codes,  and 
3'  different  from  the  sums  of  spacings  of  other  codes.  We  choose 
to  call  codes  having  such  properties  as  "ortogonal",  in  the  sense 
that  any  code  entering  a  decoder  will  produce  no  output  unless  the 
decoder  is  set  up  to  receive  that  code;  in  which  case  there  will  be 
an  output  pulse  at  a  known  delay  from  the  first  input  pulse. 
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Assuming  a  set  of  "orthogonal"  'i-pulse  codes,  the  same  procedure 
is  used  to  determine  the  false  decode  rate,  : 

For  each  pulsa  of  the  random  pulse  train  as  it  appears  in  time 
sequence  at  the  transponder,  the  probability  that  there  will  be  at 
least  one  pulse  in  both  of  the  two  later  time  Blots  that  comprise 
the  three-pulse  code,  multiplied  by  the  average  number  of  pulses 
per  second,  will  yield  the  average  false  decode  rate.  The  joint 
probability  that  both  later  time  slots  will  be  occupied  is  written 
mathematically  as: 

P(K  >  1,  at  1?  K  >  1,  AT  2)  =  P(K2  1,  AT  l)  p(K  £  1,  At  2) 

which  says  that  the  joint  probability  of  having  at  least  one  pulse 
in  time  interval  Ar^,  and  at  least  one  pulse  in  time  intervalAT 
is  given  by  the  product  of  the  individual  probabilities;  because 
for  the  conditions  assumed,  the  probabilities  are  statistically 
independent . 

Following  through: 

P(K  a  1,  at  x)  p(K  >  ]  ,  At  2)  =  (a3v>2) 

where  AT^  and  at  2  are  the  d^oder  tolerances  for  the  spacings  be¬ 
tween  first  and  second  pulses  and  the  second  and  third  pulses 
respectively;  and  is  the  average  number  of  pulses  per  second. 

If  at  x  *  UT  =AT. 

P(K2l,AT1)  P  (K  2  1,At  2 )  =  i32  (At)2 


Then  the  false  decode  rate,  which  is  the  product  of  this  joint 
probability  and  the  average  number  of  pulses  per  sacorid,  is  given 
by 

*f3  •  v,3  (‘ST)2 

For  the  three-pulse  code,  a3  is  obtained  from  (1),  using  N  =  3  and 
nr  =  20/sec: 

a,  396  Nn_  =  396*  3-20  =  23,760 
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or 

a^  *  24,000  pulses  per  second 

Using  a  decoder  tolerance  of  0.5  x  10  ®  seconds, 

3  3  ,2 

R_  =  (24  x  1QJ)  (0.5  x  10  °> 

F3 

=  13.85  x  1012  x  0.25  x  10~12 
=  3.46 


or 


3.5  false  decodes  per  second 


(ave . ) 


Three-Pulse  Code  Generation 

SC-117  has  put  forth  a  coding  plan  for  two-pulse  coding  which 
provides  ten  different  spacings  per  frequency  channel.  Since  two- 
pulse  coding  is  straightforward  and  the  SC-117  coding  scheme  is  as 
good  as  any,  code  generation  effort  was  devoted  to  establishing 
ten  "orthogonal"  three-pulse  codes. 

Each  three-pulse  code  is  characterized  by  two  spacings.  If  we 
call  xn  the  spacing  between  the  fir.  t  and  second  pulses,  Yn  the 
spacing  between  the  second  and  third  pulses  and  n  refers  to  the 
nth  code,  we  impose  the  following  conditions  of  ar.d  y^  to  assure 
"orthogonality"  in  the  sense  previously  described: 

all  *n's  are  different  by  at  least  2At 

all  y  's  are  different  by  at  least  2At 
n 

all  (x  +y  )'s  are  different  from  any  x  or  y  by  at 
n  n  n  n 

least  2 

all  x  ’s  are  different  from  all  y_ ' s  by  at  least  2  At 
n  n 

where  A t  is  the  decoder  tolerance 
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A  sample  set  of  ten  different  codes  that  meets  these  conditions 
is  as  follows: 


At  =  0.5 

microseconds 

Code  No. 

X 

n 

Y 

n 

X  +  Y 
n  n 

1 

Jk 

3  uS 

4 

7  |jS 

2 

5 

6 

11 

3 

8 

9 

17 

4 

30 

12 

22 

5 

13 

14 

27 

6 

15 

16 

31 

7 

18 

19 

37 

8 

20 

21 

41 

9 

23 

24 

47 

10 

25 

26 

51 

Note  that  the  decoding  time  gets  rather  long  for  the  last  several 
codes.  This  would  mean  that  the  minimum  system  delay  in  the  trans¬ 
ponder  would  have  to  be  somewhat  longer  than  the  35  usee  anticipated 
by  SC-117,  say  about  55  n seconds. 

(b)  Interrogator  False  Decode  Rate 

Characterization  of  Pulse  Density 

There  can  be  ten  transponders  transmitting  on  the  same  frequency, 
responding  to  random  interrogations  and  sguitter  pulses.  Assuming 
a  worst  case  in  which  all  of  the  transponders  are  transmitting  at 
a  maximum  rate  of  say  2700  replies  per  second  and  the  interrogator 
is  receiving  all  of  the  transmissions,  the  interrogator  sees  a 
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random  purse  train  having  an  average  number  of  pulses  per  second, 
b,  given  by: 

b  =  10  transponders  x  N  pulses/code  x  2700  pulse  codes 
per  second 

E  =  27,000  N  average  no-  of  pulses  per  second 

Since  both  the  interrogations  and  squitter  triggers  occur  randomly 
at  the  transponders,  it  is  again  concluded  that  the  Poisson  proba¬ 
bility  distribution  characterizes  the  pulse  train  appearing  at  the 
interrogator.  Note,  however,  that  one  of  the  ten  transponders  is 
transmitting  the  proper  pulse  code  and  the  only  method  of  dis¬ 
crimination  against  these  unwanted  replies  that  is  effective  in 
the  interrogator  is  time  selectivity,  as  will  be  seen  below: 

Solving  for  False  Decode  Rates 

Two-Pulse  Code  Computation 

Applying  the  same  approach  as  used  for  the  transponder  calculations, 
the  probability  that  at  least  one  pulse  of  the  random  train  will 
occur  in  the  interval  A T  that  will  produce  a  decodable  pair  is 
given  by 

P(K  )  -  b2  At 

From  (3)  : 

l>2  =  27,000  x  2  =  54,000  pulses/sec 

For  a  decoder  acceptance  interval  a  t  of  0.5  x  10  6  seconds 

P(K2  1,4t  )  =  54  x  103  x  0.5  x  10-6 
^  .027 
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The  false  decode  rate,  for  pulse  pair  coding  is  the  product 

of  this  probability  and  the  average  number  of  pulses  per  second. 

F 2  =  -027  x  54  x  103 

or 


=  1460  false  decodes/sec  (ave.) 

These  are  in  addition  to  the  27G0  per  second  correctly  coded 
replies  being  transmitted  by  tha  transponder  that  is  selected  by 
the  interrogator,  so  that  the  total  number  of  decodes  per  second  is 

F?  -  1460  +  2700  =  4160  decodes/sec  (ave.) 


This  would  seem  ir-  tolerable .  However,  if  the  interrogator  pro¬ 
cesses  only  30  n.mi.  for  each  interrogation  (as  in  the  search  mode) 
this  time  selectivity  will  result  in  a  condition  where  the  number 
of  false  decodes  per  interrogation,  F.  ,  is  given  by 

“4 

False  decodes/sec  x  no.  of  seconds/interrogation 


or 


4160 


decodes  v  Jn~ 6  seconds 

seconcT  "  interr. 


F_  =  1.5  false  decodes/interrogation  (ave.) 

This  is  easily  tolerable. 

Three-Pulse  Code  Computation 

For  a  three-pulse  code  system  the  average  number  of  pulses  per 
second,  appearing  at  the  interrogator  is  simply 

j  *  3/2  54,000  =  81,000  pulses/second  (ave.) 


The  probability  of  a  false  decode  is  the  joint  probability  that 
one  or  more  pulses  appear  in  both  of  the  two  time  slots  following 
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each  pulse  of  the  random  train.  Following  the  procedure  used  for 
the  transponder,  the  joint  probability,  PJ(  is  given  by: 

2 

Pj  =  [p{K  >  1,A!  )  1  =  (S3.iT  )2 

where  is  the  decoder  tolerance 
The  false  decode  rate,  F3,  is  then 

F3  =  53  PJ  =  g33  (At)2 

,  3  2 
=  (81  x  10J)  (0.5  x  10  °) 

=  (8.1) 3  <0 . 5 ) 2  =  133 

=  133  false  decodes/sec  (ave.) 

Adding  these  to  the  correctly  coded  replies  yields  a  total  decode 
rate  of 

F.,  =  2700  t  133  =  2833  total  decodes/sec  (ave.) 

T 

For  a  360  microsecond  "on"  time  per  interrogation,  the  number  of 
false  decodes  per  interrogation  is  given  by 

F  =  2833  x  360  x  IQ-6 

=  1.04  false  decodes/interr .  (ave.) 

Note  that  there  is  no  dramatic  reduction  in  decodes  per  interroga¬ 
tion  because  a  large  portion  of  these  are  due  to  the  correctly 
coded  replies  of  the  transponder  selected  by  the  interrogator.  It 
may  be  concluded  that  the  transponder  stands  to  benefit  substanti¬ 
ally  by  three  pulse  coding  .,hile  the  interrogator  benefit  is  minor. 

(c)  Summary 

If  we  make  the  simplifying  assumption  that  the  unwanted  pulses 
arriving  at  either  the  transpondei  or  interrogator  can  be  repre¬ 
sented  by  pulse  trains  where  the  pulses  occur  randomly  in  time;  and 
that  the  Poisson  probability  distribution,  therefore,  characterizes 
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the  random  occurrance  of  pulses,  then  the  following  general 
results  follow: 

Transponder  False  Decode  Rates  are  given  by: 

(a)  for  Two-Pulse  Codes: 

_  2 

R„  =  a.  a  t  false  decodes/second  (ave.) 

F2  ' 

(b)  for  Three-Pulse  "Orthogonal"  Codes: 

Rp3  =  (At )  *" 

where 

=  average  no.  of  pulses  per  second  (2-pulse  code) 

bt  =  average  no.  of  pulses  per  second  (3-pulse  code) 

At  =  decoder  tolerance 
and  assuming  that  at  At  and  b^AT  are  <0.10 


Interrogator  False  Decodes  per  Interrogation  are  given  by: 


where 


(a) 

for 

Two-Pulse  Codes 

F2i 

= 

fa^  (at)  +  nr"|  T  false 

decodes/intcrr . 

(ave. ) 

(b) 

for 

Three-Pulse  Codes 

F3i 

* 

J^b^3  (At)2  +  nrj  T  false 

decodes/interr . 

(ave . ) 

ai 

= 

average  no.  of  pulses  per 

second 

(2-pulse 

code) 

nr 

=  ' 

transponder  reply  rate 

At 

= 

decoder  tolerance 

T 

= 

"on"  time  per  interrogation 

= 

average  no.  of  pulses  per 

second 

(3-pulse 

code) 

and  assuming  that  a.  At  and  b^Ar  are  <0.10 

The  parameters  that  contribute  to  false  decoding  are  seen  to  be  the 
interrogation  rate  (which  affects  or  bt) ,  the  reply  rate  (which 
affects  or  as  well  as  nr),  the  decoder  tolerance,  the  range  of 
the  system  (which  affects  T) ,  and  the  coding  technique  (which  is  im¬ 
plicit  in  the  expression  for  false  decode  rates).  The  selection  of 
these  parameters,  however,  must  be  made  on  a  total  system  design 
basis  because  they  affect  accuracy,  economy,  integrity,  etc.  as  well 

i 

as  traffic  handling  capability. 
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e,  Integrity 

(1)  Definition  of  Issue 

It  is  imperative  that  conditions  causing  false,  misleading,  de¬ 
graded  or  missing  information  be  detected  and  either  corrected  or 
identified  quickly  (flag  alarm)  to  prevent  incorrect  landing 
maneuvers.  The  integrity  of  the  DME  information  supplied  to  the 
pilot  and/or  autopilot  can  be  degraded  due  to  three  different 
causes : 

o  DME  equipment  failure  or  drift  to  out-of-specification 
condition . 

o  Lock-on  to  echoes  caused  by  periods  (during  search)  of 
shadowing  such  that  the  direct  path  is  blocked  while  an 
echo  path  is  not. 

o  Fading  of  the  DME  signal  due  to  blockage,  after  the 
Interrogator  is  in  the  track  mode. 

(2)  Monitoring  of  Equipment 

It  is  planned  to  employ  monitor  and  control  concepts  and 
techniques  as  described  below  to  maintain  the  integrity  of  the 
DME  information  supplied  to  the  pilot  and/or  autopilot. 

(a)  Transponder  Monitor 

The  function  of  the  transponder  is  to  reply  only  to  valid 
interrogations  with  correctly  coded  replies  that  have  a  precise, 
known  delay;  and  to  provide  this  service  over  a  pre  ibed 
coverage  in  angle  and  range.  The  important  parameters  to 
monitor  are: 

Reply  Delay 
Triggering  Level 
Reply  Efficiency 
Receiver  Frequency 
Decoding  Characteristic 
Encoding  Characteristic 
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Transmitter  Power 
Transmitter  Pulse  Shape 
Transmitter  Frequency 
Antenna  Pattern 

Since  the  antenna  is  a  passive  device,  it  is  considered  that 
monitoring  only  the  VSWR  of  the  antenna  connection  will  be 
sufficient  after  the  antenna  pattern  has  been  verified  upon 
installation.  The  block  diagram  of  figure  8-13  depicts  an 
approach  that  measures  all  of  the  other  above  mentioned 
parameters . 

Referring  to  the  figure,  the  crystal  clock  provides  the  timing 
source  for  the  synchronizer,  decoder  and  delay  functions  of  the 
monitor.  The  synchronizer  generates  triggers  (at  a  suitable  prf) 
which  initiate  simulated  valid  r-f.  interrogations  to  the  trans¬ 
ponder  via  the  coder/modulator  and  also  initiate  the  precise 
delay  counter  whose  pre-set  delay  is  compared  with  the  trans¬ 
ponder  reply  delay.  The  transponder  reply  delay  and  the  monitor 
delay  are  set  up  to  be  equal  when  installed  by  varying  the  clock 
frequency  and/or  count,  of  the  monitor.  The  coincidence  detector 
uses  wide  band  circuits  that  will  not  respond  unless  the  two 
delays  are  within  +_. 02  useconds  or  +10  ft  of  range.  Finer  delay 
adjustments  are  made  during  .installation  with  special  test 
equipment.  The  trigger  generator  also  feeds  a  reply  efficiency 
counter  circuit  that  compares  the  number  of  monitor  interroga¬ 
tions  with  the  number  of  correct,  properly  delayed  replies.  A 
threshold  reply  efficiency  is  selected  and  a  "GO”  "NO  GO" 
decision  as  to  the  transponder  status  is  made  based  on  this 
threshold. 

The  attenuators  are  set  so  that  the  transmitter  power  and  the 
trigaering  level  (sensitivity)  of  the  receiver  are  checked  for 
meeting  specifications . 

The  utilization  of  a  superheterodyne  receiver  and  Ferris 
Discriminator  in  the  monitor  will  check  the  transmitter  frequency 
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Figure  8-12.  Transponder  Monitor.  Block  Diagram 
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directly.  It  may  be  concluded  that  this  is  not  necessaiy  due 
to  the  use  of  a  crystal  controlled  r-t  source;  in  which  case,  a 
simple  microwave  video  detector  may  i>e  used  as  shown  dotted  in 
the  block  diagram.  However,  since  the  transponder  receiver  must 
be  tested  with  r-f,  the  expensive  r-£  source  must  be  included  in 
the  monitor  and  it  may  be  that  only  a  small  cost  differential  is 
involved  between  the  superhet  and  video  approaches.  A  choice 
between  them  will  be  made  in  the  feasibility  phase  of  the 
program. 

The  transponder  monitor  as  configured  in  Figure  H.5.?  monitors 
all  of  the  vital  parameters  of  the  transponder  and  presents  a 
"go"  "no  go"  display.  The  signals  to  the  go,  no  go  display  will 
be  used  to  control  switchover  to  a  standi y  transponder  which  will 
have  its  own  monitor. 


Periodic  teats  will  be  made  to  trim  the  monitor  delay  and  to 
check  the  decoder,  encoder,  power,  sensitivity,  pulse  shape,  etc. 
characteristics  for  maximum  effectiveness  and  reliability  of 
monitoring . 

(b)  Interrogator  Monitor 

The  monitor  for  the  airborne  interrogator  will  be  considerably 
simpler  then  the  transponder  monitor,  in  order  to  keep  aircraft 
equipment  costs  down.  Ground  testing  will  be  used  to 
supplement  in-flight  monitors  and  result  in  a  ooct  effective 
approach  for  maintaining  integrity  of  DME  information.  The 
airborne  monitor  will  check  transmitter  power,  receiver  sensitivity, 
coding  characteristics  and  decoding  characteristics.  Airport 
ground  testing,  using  transponders  and  marked  taxiway  positions 
will  check  delay  measurement  accuracy,  receiver  frequency,  and 
transmitter  frequency  in  addition  to  duplicating  and  verifying 
the  airborne  monitor  measurements. 

A  block  diagram  of  a  relatively  inexpensive  approach  to  the  air¬ 
borne  interrogator  monitor  is  shown  in  figure  8-14,  The 
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transmitter  ia  monitored  by  coupling  off  a  small  amount  of  power 
and  feeding  a  crystal  video  detector  through  an  attenuator  that 
is  adjusted  so  that  the  transmitter  power  must  bo  above  the 
minimum  specified  to  operate  the  "go"  indicator.  The  decoder 
has  a  +0.5  usecond  tolerance  and  checks  the  spacing  of  the  trans¬ 
mitted  pulse  pair.  The  decoder  and  coder  of  the  monitor  must  be 
selectable  to  correspond  to  the  pulse  pair  coding  of  the  channel 
(runway)  selecteu  by  rhe  interrogator. 

The  receiver  is  monitored  by  simulating  correctly  coded  replies 
during  the  "dead  time"  intervals  between  Interrogations  and 
feeding  these  (at  UHF)  to  the  interrogator  through  an  adjustable 
attenuator.  The  attenuator  is  adjusted  so  that  the  receiver  is 
checked  against  the  specification  tor  minimum  triggering  level. 

A  "go",  "no  go"  display  or  equivalent  is  utilized  to  indicate 
whether  the  receiver  is  operating  on  the  proper  frequency  and 
has  the  correct  decoding  characteristic. 

If  either  the  transmitter  or  the  receiver  monitors  find  a  "no  co" 
condition,  the  DME  output  display  or  autopilot  input  are  declared 
nonuscablc . 


(3)  False  Lock-On 

Echoes  of  the  interrogation  and  reply  signals  are  synchronized 
to  the  interrogation  pulse.  It  is  therefore  possible,  because 
of  temporary  conditions  when  searching,  that  the  interrogator 
locks  onto  the  echo  and  remains  locked  onto  it  during  track. 

This  occurs  when  the  direct  signal  is  shielded  say  by  the 
a/c's  banking  but  the  echo  is  received.  The  return  of  the  direct 
signal,  falling  out  of  the  track  gate,  does  not  cause  the  inter¬ 
rogator  to  resume  search,  unless  special  means  are  provided  to 
do  so . 

Prevention  of  false  lock-on  is  enhanced  by  providing  a  two 
antenna  diversity  technique  as  described  in  section  1.1.1.1.G.2 
d.  (3).  This  approach  will  reduce  the  probability  that  the  direct 
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path  will  be  shadowed  while  the  echo  path  is  not.  However,  it 
is  still  possiole  that  false  lock-on  will  occur  under  temporary, 
special  conditions. 

To  recognize  that  the  direct  signal  has  returned,  i\  is  plannad 
to  carry  on  search  while  in  the  track  mode.  Synchronous  replies 
that  occur  earlier  than  the  track  gate,  as  determined  by  receiving 
two  consecutive  replies  at  the  same  range  will  throw  the  inter¬ 
rogator  out  of  the  track  mode  into  the  normal  search  mode.  This 
v/ill  assure  that  only  a  temporary  echo  lock-on  condition  could 
exist.  The  implementation  of  this  verification  feature  is 
described  m  Section  1 . 1 . 1 . 1 . G . 4 . a .  (3)  dealing  with  Interrogator 

Search  and  Track  Circuits. 

(4)  Memory  Track  Resun, e  Search 

During  track,  it  is  possible  that  blockage  could  occur  for  a  few 
seconds  cue  to  other  aircraft  being  in  the  line-of-sight  and 
close  to  the  DME  antenna.  During  this  loss  of  signal  period  it 
is  planned  to  use  the  last  range  reading  before  loss  of  signal 
as  the  DME  output,  updated  successively  for  every  interrogation 
by  the  range-rate  at  the  time  of  signal  loss,  until  the  signal  is 
regained.  A  count  will  be  taken  as  to  the  number  of  interroga¬ 
tions  that  have  occured  under  the  condition  of  lost  signal;  and 
after  a  specified  time  in  the  two  to  ten  second  range  (to  be 
determined  in  Phase  II),  to  throw  the  Interrogator  out  of  track 
and  into  the  search  mode. 

j.  Experimental  Verification 
a.  Transponder  Processing 

A  test  program  was  initiated  to  verify  the  intended  approach  to 
transponder  IF  and  Video  processing.  In  particular,  the  follow¬ 
ing  circuits  were  designed  and  tested: 

o  Log  IF  amplifier  -  This  approach  was  tested  in  order  to 
specify,  with  confidence,  a  receiver  with  large  dynamic  range 
without  the  requirement  for  instantaneous  AGC . 
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o  Two  Mode  Ferris  Discriminator  (TMFD)  -  This  approach  ) 

was  tested  to  insure  absolute  rejection  of  adjacent 
channel  signals. 

o  Echo  discriminator  -  An  echo  discriminator  was  designed 
and  tested  to  operate  in  conjunction  with  the  log  IF 
amplifier  and  Two  Mode  Ferris  Discriminator  in  order  to 
reject  echoes  having  amplitudes  more  than  6  dB  below  the 
direct  path  signal.  The  intention  is  to  prevent  uncoded 
or  incorrectly  coded  signals  from  being  decoded  due  to 
echoes  occurring  with  the  correct  delay. 

(1)  Log  IF  Amplifier 

The  DME  transponder  is  expected  to  process  signals  having  a  large 
dynamic  range.  In  addition,  large  variation  in  signal  strength 
is  expecced  from  pulse  pair  to  pulse  pair.  The  available  choices 
to  staisfy  these  reguirements  are: 

o  Linear  IF  amplifier  with  instantaneous  AGC  j 

o  Linear  amplifier  with  large  dynamic  range  (no  AGC 
required) 

o  Log  IF  amplifier 

The  linear  IF  amplifier  with  instantaneous  closed  loop  AGC  was 
discarded  because  of  the  difficulty  in  designing  a  stable  AGC 
loop  that  would  be  capable  of  responding  instantaneously.  An 
AGC  possibility  for  this  choice  would  be  to  use  a  log  IF 
amplifier  to  provide  the  AGC  for  the  linear  amplifier.  This 
approach  would  increase  the  co3t  of  the  DME  transponder  and 
would  be  redundant  since  the  log  IF  amplifier  would,  by  itself 
satisfy  the  requirement  for  dynamic  range.  The  second  choice, 
linear  amplifier  with  large  dynamic  range  ard  no  AGC,  would  re¬ 
quire  the  design  of  complex  low  current  drain  class  B  push-pull 
stages  or,  the  use  of  IF  transistors  with  large  signal  handling 
capability  with  resulting  high  current  drain  in  the  class  A  mode 
of  operation. 

) 
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A  log  IF  amplifier  has  none  of  the  draw  backs  of  the  above  de¬ 
signs.  Wide  dynamic  range  is  obtained  due  to  the  fact  that 
maximum  output  signal  is  obtained  by  all  stages  working  in 
parallel.  Therefore,  AGC  is  not  required  and  less  input  power 
is  required  than  would  be  needed  if  a  single  stage  had  to  handle 
the  full  output  signal. 

A  Hazeltine  designed  log  IF  amplifier,  presently  incorporated  in 
transponders  and  interrogators  manufactured  by  Hazeltine,  was 
tested  for  dynamic  range.  The  amplifier  is  designed  with  six 
stages  of  the  Plessey  SL521EAT  wide  band  amplifier.  Each  stage 
provides  11  db  voltage  gain  and  a  maximum  RF  output  of  1.2V  . 

Band  pass  limiting  of  the  IF  amplifier  is  accomplished  at  the 
amplifier  input. 

Figure  8-15  is  a  plot  of  the  transfer  characteristics  of  the  log 
IF  amplifier.  The  input  dynamic  range  of  60  db  is  compressed 
down  to  an  output  dynamic  range  of  20  db,  a  more  manageable 
range  for  the  video  processing  circuits.  In  addition  to  com- 
prei.  g  the  dynamic  range,  the  transfer  characteristic  maintains 
a  cor, „  .ant  slope  of  output  volts  vs.  db  input  changes  over  the 
useful  operating  range.  Ecno  descrimination  is  thus  facilitated 
since;  for  a  given  ratio  of  echo  level  below  the  main  pulse,  a 
constant  voltage  difference  will  be  obtained  over  the  signal 
dynamic  range. 
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(2)  Two-Mode  Ferris  Discriminator  (TMFD) 

The  DME  transponder  is  required  to  operate  with  a  minimum  receiver 
bandwidth  of  7MHz  and  a  channel  separation  of  3MHz.  A  method  must 
therefore  be  provided  for  absolute  rejection  of  the  adjacent 
channel  signal  in  order  to  prevent  false  decodes  from  occuring 
due  to  the  adjacent  channel  signal.  One  method  of  providing  this 
function  is  through  the  use  of  a  Two-Mode  Ferris  Descriminator 
(TMFD) . 

Figure  8-16  is  a  simplified  block  diagram  of  the  TMFD  and  the 
signal  energies  involved  in  its  operation.  The  TMFD  contains  two 
envelope  detectors,  one  providing  a  positive  narrow  band  output 
and  the  other  providing  a  negative  wide  band  output,  and  both 
tuned  to  the  carrier  frequency  of  the  on-channel  signal.  The 
bandwidth  of  the  narrow  band  detector  is  selected  such  that  it 
intercepts  most  of  the  energy  in  the  main  lobe  centered  about  the 
on-channel  carrier  frequency.  Only  a  portion  of  the  energy  con¬ 
tained  in  the  side  lobes  of  the  adjacent  channel  signal  is  inter¬ 
cepted  by  this  detector.  The  bandwidth  of  the  wide  band  detector 
is  selected  such  that  the  carrier  frequency  of  the  adjacent- 
channel  signal  lies  at  the  edge  of  the  band.  Therefore,  half  the 
energy  in  the  main  lobe  and  of  several  side  lobes  of  the  adjacent- 
channel  signal  is  intercepted  by  the  wide  band  detector.  Rejec¬ 
tion  of  the  adjacent  channel  signal  is  accomplished  by  adjusting 
k  such  that  the  total  adjacent  channel  energy  in  the  summing  net¬ 
work  due  to  the  narrow  band  filter  is  exactly  equal  to  the  total 
adjacent  channel  energy  in  the  summing  network  due  to  the  wide 
band  filter.  The  value  of  k,  so  chosen,  allows  the  on-channel 
narrow  band  energy  in  the  summing  network  to  be  much  greater  than 
the  on-channel  wide  band  energy.  Therefore,  TMFD  output  will  only 
be  provided  when  an  on-channel  signal  is  present.  This  narrow 
band  on  channel  signal  may  then  be  used  to  gate  the  wide  band  on- 
channel  signal  (through  an  appropriate  delay  line)  into  the  DME 
transponder  processing  circuits.  Since  no  TMFD  output  is  obtain¬ 
ed  due  to  an  adjacent  channel  signal,  the  gating  circuit  remains 
disabled  and  the  adjacent  channel  signal  is  rejected. 
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Figure  8-16.  TMFD  Block  Diagram 
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Experiments  were  performed  to  verify  that  the  TMFD  will  provide 
absolute  rejection  of  an  adjacent  channel  signal.  The  TMFD  was 
designed  with  an  adjustable  narrow  bandwidth  and  variable  narrow 
band  gain.  These  parameters  were  adjusted  to  provide  optimum 
performance  with  respect  to  absolute  rejection  of  adjacent  channel 
signals  (adjacent  and  on-channel  signals  not  occurring  simulta¬ 
neously)  and  hole  punching  (adjacent  and  on-channel  signal  occur¬ 
ring  simultaneously) .  The  test  setup  used  to  make  the  measure¬ 
ments  is  shown  in  figure  8-17. 

The  bandpass  (swept  frequency)  characteristics  of  the  log  IF  amp¬ 
lifier  and  the  TMFD  summed  output  are  shown  in  figure  8-18.  The 
frequency  characteristics  for  the  log  IF  amplifier  and  TMFD  were 
set  as  follows: 

o  Center  IF  frequency  *  61MHz 

o  Log  IF  amplifier  bandwidth  =  ±5MHz  (3dB) 

o  Narrow  band  TMFD  filter  center  frequency  =  61MHz 

o  Narrow  band  TMFD  bandwidth  *  i0.75MHz 

o  Wide  band  TMFD  filter  center  frequency  =  61MHz 

o  Wide  band  TMFD  bandwidth  =  ±2.5MHz 

The  on-channel  signal  generator  was  set  to  operate  at  61MHz  while 
the  adjacent  channel  signal  generator  was  set  to  operate  at  58MHz. 
The  characteristics  of  the  pulse  input  to  the  IF  bandpass  filter 
are  shown  in  figure  8-19  and  are  as  follows: 

o  Rise  time  =  0.1  microseconds 

o  Pulse  duration  0.67  microseconds 

The  pulBe  generators  were  set  to  provide  an  on-channel  pulse  pair, 
separated  10  microseconds,  and  a  single  adjacent  channel  pulse 
with  variable  delay  such  that  it  may  be  positioned  to  occur  simul¬ 
taneously  with  an  on-channel  pulse. 

Figure  8-20  indicates  the  result  of  adjusting  the  TMFD  narrow  band 
gain  below  that  required  for  adjacent  channel  balance.  The  TMFD 
output  indicates  a  positive  going  signal  for  the  on-channel  signal 
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and,  a  slightly  negative  signal  for  the  adjacent  channel  signal. 
The  positive  TMFD  output  signal  is  used  to  enable  a  gate,  allow¬ 
ing  the  wide  band  on-channel  signal  output  of  the  log  video  (al:  o 
shown  in  figure  8-20  for  comparison)  with  a  0.2  microsecond  rise 
time  to  pass  through  to  the  video  processing  circuits.  The  neg¬ 
ative  adjacent  channel  TMFD  signal  will  not  enable  the  gate 
thereby  absolutely  rejecting  all  adjacent  channel  signals. 

The  RF  signal  input  levels  used  to  give  the  results  of  figure 
8-20  were  as  follows: 

o  On-channel  signal  level  =  -55dbm 

o  Adjacent  channel  signal  level  *»  -25dbm 

Data  was  also  obtained  on  the  susceptability  of  the  TMFD  to  hole- 
punching  (on-channcl  and  adjacent  channel  signals  occur  simulta¬ 
neously).  The  results  of  this  experiment  are  shown  in  the  curves 
of  figure  8-21.  These  curves  were  obtained  by  overlapping  the 
on-channel  and  adjacent  channel  pulses.  The  RF  input  signal  for 
the  on-channel  signal  was  maintained  at  a  constant  level  while 
the  adjacent  channel  signal  was  increased  from  a  level  below  the 
on-channel  signal  to  the  level  where  the  positive  on-channel  TMFD 
signal  was  reduced  to  zero  (hole-punch) .  Several  curves  of  on- 
channel  TMFD  output  as  a  function  of  adjacent  channel  input  sig¬ 
nal  level  are  plotted  with  constant  on-channel  input  signal  as  a 
parameter. 

Hole-punch  susceptability  is  defined  as  the  amount  of  adjacent 
channel  signal  power  above  that  of  the  on-channel  signal  required 
to  reduce  the  on-channel  TMFD  output  to  zero.  The  curves  of 
figure  8-21  indicate  that  for  the  linear  portion  of  the  log  IF 
characteristic,  prior  to  limit  level  of  the  last  IF  stage,  the 
hole-punch  susceptability  is  at  a  minimum  of  17db.  As  the  on 
channel  signal  level  is  raised  such  that  the  last  IF  stage  begins 
to  limit,  the  hole-punch  susceptability  reaches  a  maximum  of  lOdB. 
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Figure  8-21.  in  Band  TMFD  Detected  Output  as  a  Function 
of  Outband  Input  Powt  r  Level 
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The  loiiowxny  conclusions  wore  reached  from  the  above  experiments: 

o  The  TMFD  provides  absolute  rejection  of  adjacent  channel 
signal  (3MHz  channel  separation)  while  providing  a  signal 
to  allow  passage  of  the  5MHz  bandwidth  on  channel  signal. 

o  Suscoptability  to  hole-punching,  when  on-channe.l  and 
adjacent  channel  signals  are  simultaneously  received,  is 
not  severe  and  can  probably  be  tolerated. 

(3)  Echo  Discriminator 

A  circuit  that  discriminates  against  echoes  that  are  approximately 
6db  or  greater  below  the  main  pulse  was  designed  and  tested.  The 
discriminator  operation  is  based  on  a  variable  reference  voltage, 
proportional  to  the  main  pulse,  supplied  to  a  comparator  circuit. 

A  block  diagram  of  the  echo  discriminator  is  shown  in  figure  8-22. 

The  first  video  pulse  (main  pulse)  is  simultaneously  applied  to 
the  comparator  and  peak  detector  circuits.  The  peak  detector 
charges  a  capacitor  to  the  peak  value  of  the  main  pulse  and  holds 
this  value  for  the  duration  of  the  pulse  pair.  The  detected  peak 
voltage  is  then  off-set  by  an  amount  corresponding  to  6db  times 
the  slope  of  the  transfer  characteristic  of  the  log  IF  amplifier. 
This  DC  signal  is  applied  to  the  comparator  and  only  pulses 
having  a  greater  amplitude  than  this  DC  level  are  passed  by  the 
comparator.  Thus,  echoes  6db  or  greater  below  the  main  pulse  are 
discriminated  against.  At  the  end  of  the  pulse  pair  period,  a 
transistor  switch  discharges  the  peak  detecting  capacitor  and 
the  circuit  is  reset  for  the  following  pulse  pair.  The  transistor 
switch  is  controlled  by  a  single-shot  and  differentiating  network 
that  is  enabled  by  a  signal  from  the  Two  Mode  Ferris  Discriminator, 

Figure  8-23  shows  the  Echo  Discriminator  rejecting  a  pulse  7db 
below  the  main  pulse.  The  figure  also  indicates  the  echo  pulse 
being  passed  after  the  occurance  of  the  second  pulse  of  the  pulse 
pair.  The  length  of  time  during  which  discrimination  takes  place 
after  the  second  pulse  may  be  adjusted  by  increasing  the  length 
of  the  single  shot  pulse  output. 
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Figure  8-22.  Echo  Discriminator  Block  Diagram 
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Figure  8-23,  Echo  Discriminator  Rejection 
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(4)  System  Integration 

The  various  subsystems  described  above  were  integrated  and  tests 
were  performed  to  determine  whether  the  objectives  for  video  proc¬ 
essing  could  be  met.  The  overall  block  diagram  of  the  system 
under  test  is  shown  in  figure  8-24.  Tests  were  performed  using 
two  separate  IF  signal  generators  and  pulse  generators.  One 
combination  of  signal  and  pulse  generator  simulated  the  on~channel 
signal  of  61MHz.  The  second  combination  was  used  to  simulate  the 
adjacent  channel  signal  in  tests  to  determine  adjacent  channel 
rejection  and,  as  an  echo  generator  in  tests  to  determine  echo 
rejection  capability  of  the  system. 

Figure  8-25  indicates  the  system  capability  for  absolutely  reject¬ 
ing  an  adjacent  channel  signal.  The  photographs  were  taken  of 
oscilloscope  presentations  at  test  points  2  and  3.  The  input 
pulse,  observed  at  test  point  1,  is  also  shown  for  reference. 

The  adjacent  channel  signal  input  was  set  at  -2dbm,  30db  greater 
than  r.he  on-channel  signal.  The  photographs  were  taken  with  the 
adjacent  channel  signal  occuring  during  the  or.-channei  pulse  pair 
period  and  20  sec  after  the  on-channel  pulse  pair  period.  This 
was  done  to  indicate  that  adjacent  channel  rejection  is  not  influ¬ 
enced  by  the  echo  disciminator .  The  echo  discriminator  is  set  to 
recover  approximately  10  psec  after  the  occurrence  of  the  second 
pulse  of  the  on-channel  pulse  pair. 

Figure  8-26  indicates  the  systems  resistance  to  "hole-punching". 
The  adjacent-channel  and  on-channel  pulseB  were  made  to  occur 
simultaneously  with  the  adjacent  channel  input  set  at  -20dbm,  lGdo 
greater  than  the  on-channel  signal.  The  oscilloscope  photograph 
taken  of  the  system  output  at  test  point  3  indicates  little 
degradation  of  the  on-channel  pulse  pair.  The  log  video  pulse, 
taken  at  test  point  1  is  also  shown  for  reference. 

The  system  capability  to  reject  echoes  greater  than  7db  below  the 
main  pulse  is  indicated  by  the  photograph  o£  figure  8-27.  Part 
A  of  this  figure  was  taken  with  the  echo  set  to  occur  within  the 
main  pulse  pair  period.  The  echo  pulse  signal  level  was  set  at 
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Figure  8-26.  System  "Hole-Punch"  Resistance 
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-36dbm,  7db  below  the  main  pulse.  Part  B  was  taken  at  the  same 
input  power  levels  but,  the  echo  pulse  has  been  moved  out  to  occur 
at  20  seconds  after  the  occurrence  of  the  second  pulse  of  the 
main  pulse  pair.  The  echo  discriminator  was  set  to  recover 
approximately  10  usee.  after  the  occurrence  of  the  second  pulse 
of  the  pulse  pair.  These  photographs  were  taken  of  the  oscillo¬ 
scope  presentation  of  the  output  pulse  at  test  point  3.  The  log 
video  pulse,  taken  at  test  point  1  is  shown  for  reference. 

b.  Investigation  of  2-Pulse  vs.  3-Pulse  False  Decode 
Susceptability 

The  number  of  false  decodes  per  second  for  a  2-pulse  code  and  a 
3-pulse  code  has  been  analytically  determined.  The  calculations 
are  based  on  a  system  of  44  interrogators  on  each  of  9  different 
code-multiplexed  channels  (in  the  same  frequency  channel)  inter¬ 
rogating  a  transponder  that  is  receptive  to  a  different  (10th) 
code.  Results  of  the  calculation  show  that  a  2-pulse  code  system 
(32,000  p/sec)  will  elicit  1500  false  decodes  per  second  and,  a 
3-pulse  code  system  (48,000  p/sec)  will  elicite  250  false  decodes 
per  second.  An  experiment  was  performed  to  check  the  validity  of 
the  calculation.  A  decoder  tolerance  of  1.5  usee  was  used  for  both. 

i 

Figure  8-28  is  a  block  diagram  of  the  equipment  used  to  perform 
the  experiment.  A  high  density  interrogating  environment  was 

obtained  using  a  noise  source  to  trigger  a  single-shot  pulse  gen-  i 

\ 

erator.  The  average  triggering  rate  was  adjusted  by  varying  the  < 

PMS  output  of  the  noise  source  thereby  varying  the  average  rate  ’ 

of  .'.o'se  spikes  with  sufficient  amplitude  to  trigger  the  single- 
si. ot  pulse  generator.  The  output  pulse  width  of  the  single-shot 
was  set  at  0.67  microseconds,  similar  to  that  of  the  proposed  DME. 

The  random  pulses  were  fed  into  the  delay  line  driver  of  a  mod¬ 
ified  UPA/39A  Coder-Decoder.  Delay  line  taps  were  selected  at  0 
microseconds  and  at  9.8  microseconds  to  simulate  a  2-pulse  decoder 
and,  at  0  microseconds,  4.9  microseconds,  and  9.8  microseconds  to 
simulate  the  3-pulse  decoder.  A  second  set  of  taps  at  twice  the 
above  delays  was  also  selected  to  provide  additional  data  for  the 
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2-pulse  code  and  the  3-pulse  code.  The  decoding  tolerance  was 
adjusted  to  1.6  microseconds  in  each  case. 

Two  counters  were  used  to  simultaneously  count  the  random  pulses 
entering  the  decoder  and  the  decoded  output  pulseB.  The  counters 
were  synchronized  to  insure  that  input  and  output  counts  were 
taken  over  the  same  time  period.  For  each  setting  of  the  random 
pulse  generator,  a  series  of  ten,  10  second,  counts  were  taken  for 
the  2-pulse  code  system  and  the  3-pulse  code  system.  The  data  for 
the  2-pulse  code  is  averaged  and  plotted  in  figure  8-29.  Figure 
8-30  is  a  similar  plot  for  the  3-pulse  code.  These  results 
clearly  indicate  the  validity  of  the  analytic  calculation. 

4.  Hardware  Approach 

In  this  section,  the  avenues  for  resolution  of  the  technical 
issues  (as  determined  by  study  and  verification)  are  translated 
into  specific  hardware  approaches.  All  block  diagrams  and  cir¬ 
cuits  presented  are  considered  to  be  within  the  state-of-the-art 
and  represent  low  risk  developments  in  themselves.  Demonstration 
that  the  integration  of  the  hardware  described  will  meet  the 
coverage,  accuracy,  traffic  handling,  and  integrity  required  of 
the  MLS  DME  equipment  is  the  mission  of  the  Feasibility  Demon¬ 
stration  Program. 

a.  Hardware  Approach-Interrogator 
(1)  General 

(a)  Gain-Time-Control  (GTC )  vs.  AGC 

As  a  first  try,  we  shall  assume  that  the  interrogator's  receiver 
shall  use  GTC  instead  of  Long  Time  Constant  AGC.  This  is  because 
Pulse-Multiplexing  may  produce  30-50%  spurious  decodable  replies 
(See  Section  on  Traffic  Density)  from  other  beacons  than  the  one 
being  interrogated.  There  may  be  times  and  places  where  these 
spurious  signals  are  stronger  than  the  desired  signals.  They  may 
then  takeover  the  age  and  unduly  reduce  the  sensitivity  to  the 
desired  reply.  Further  tests  and  evaluation  are  desirable  before 
making  this  decision  final. 


I 

8-92  \ 

\ 

\ 


CODE  W/TH  DECODE 


TAPS  AT  O  OS EC 
<?.a  a  sec 


CODE  WITH  DECODE  TAPS  AT  O  US  EC 

/9.6  usee 


} 

} 


9-  i — — t-  ■  t - 1 - 1 - « 

30  3E  40  PE  ED  JE  40 


TP/ALS  PEP.  SEC  X  /OOO 


7 209264 


pvtSE  oecpoes  ppp  j-ecoajd 


Report  10926 


O  3  PULSE  CODE  W/TH  DECODE  TPES  /9T  O  USEC 

■4.9  USEC 
9.SUSEC 

L  3  POLSE  CODE  NJTH  .DECODE  TP  PS  S9T  O  USEC 

9.8  USEC 
/9.UU5EC 


7209270 


Figure  8-30.  Three  Pulae  Code  Fai se  Decodes  As 
a  Function  of  Average  Trials 
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(b)  GTC  Description  (Figure  8-31) 

The  signal  voltage  (er)  received  by  the  airborne  receiver,  as  the 
a/c  travels  from  1,000  ft.  to  180,000  ft.  from  the  beacon,  varies 
as 

er  =  180,000  em/x  volts 

where:  is  the  voltage  received  with  the  a/c 

180,000'  away 

x  is  the  distance  of  the  a/c  to  the  beacon 
in  ft. 

The  GTC  then  varies  the  voltage  gain  (g)  of  the  a/b  receiver  as 
g  =  ax/180,000 

so  that  the  voltage  at  the  output  of  the  controlled  amplifier  is 
ger  »  (ax/180,000)  (180,000  e^/x)  =  ae^ 

for  all  distances. 

The  S/N  ratio  is  of  course  higher  at  the  short  ranges.  To  obtain 
the  advantage  of  a  steeper  leading  edge  at  short  ranges,  the  video 
gain  is  modified  by  gv  =  (GTC)-1  *  180,000/x.  The  video  output  is 
then 

gaeTO  =  180,000  a  e  /x 
ra  m 

(c)  Percent  Amplitude  Threshold 

The  receiver  of  the  interrogator  is  equipped  with  a  circuit  which 
triggers  a  new  pulse  when  the  leading  edge  of  the  reply  pulse 
reaches  a  fixed  percentage  of  its  peak  value.  The  triggering  time 
is  then  independent  of  the  pulse  amplitude.  The  pulse  timing  is 
usually  defined  when  it  reaches  its  50%  point.  However,  a 
stronger  pulse  having  the  same  shape  as  a  weaker  pulse  may  have 
steeper  leading  edge  at  its  25%  point  than  the  weaker  pulse  at  its 
50%  point.  The  earlier  decision  level  at  25%  of  peak  amplitude 
gives  greater  immunity  to  leading  edge  echoes  than  the  50%  point. 
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Figure  8-31.  Gain-Time-Control  in  the  Interrogator 
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The  inverse  GTC  causes  the  received  pulse  to  increase  as  the 
beacon  is  approached.  When  this  pulse  exceeds  a  given  value,  the 
decision  level  is  changed  from  50%  to  25%  (or  less)  of  its  peak 
value.  The  decision  level  at  25%  of  peak  pulse  amplitude  leads 
that  at  50%  by  a  constant  time  (6)  which  is  independent  of  the 
pulse  amplitude.  For  the  standard  pulse  6  =  0.08  us. 

This  amount  can  be  calibrated  out  of  the  final  range  measurement. 

Circuits  which  recognize  the  50%  A.  or  25%  A.  are  well  known  in 
the  art.  See  figure  8-32. 

(d)  Tracking  Gate 

Assume  that  an  aircraft  interrogates  a  beacon  at  the  rate  of  q  = 
15/sec.  while  traveling  at  V  =  60QKts  =  1,000  ft/sec  or  2ps/sec. 
The  aircraft  travels  1,000/15  =  67  or  2.0/15  =  0.13ps  between 
interrogations.  Let  the  reply  be  at  the  center  of  a  4. Ops  gate 
(12. Ops).  The  reply  can  then  be  lost  for  2.0/2  =  1  sec  before  the 
reply  travels  outside  the  gate  and  is  lost.  This  corresponds  to 
15  interrogations.  If  the  signal  is  lost  for  longer  periods,  say 
10  sec.,  velocity  memory  may  be  applied. 

It  may  be  desirable  to  increase  the  interrogation  rate  or  widen 
the  gate  for  supersonic  aircraft. 

If  the  timing  clock  emits  pulses  at  the  rate  of  12.5MHz  (a  period 
of  0 . 0 8 pS ) ,  a  4. Ops  gate  will  contain  4.0/0.08  =  50  timing  pulses 
and  its  center  is  25  timing  pulses  from  its  edge. 

(2)  interrogator  Block  Diagram  (Figure  8-33) 

The  primary  timing  source  is  the  Pulser  which  emits  40  pulses/sec 
when  searching,  and  15  10. 3/sec  (randomly  jittered)  when  tracking. 
These  timing  pulses  are  impressed  on  the  coder  which  generates 
pairs  of  pulses,  spaced  by  28  -  2(n-l)ps  where  (n)  is  the  code- 
number.  The  output  of  the  coder  is  then  impressed  on  Modulator 
along  with  the  selected  C-band  frequency  (5 , 000-5 , 060MHz)  to  pro¬ 
duce  pulse-pairs  of  RF  signals  which  are  amplified  by  the  RF 
amplifier.  The  RF  amplifier  will  preferably  consist  of  Trappatt 
Diodes,  if  the  state  of  the  art  permits  it.  If  not,  the  amplifier 
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will  consist  of  Planar  Triodes  operating  well  below  ratings  for 
reliability.  The  transmitted  interrogation  signal,  at  the  desired 
power  level,  is  applied  to  the  antenna  through  the  circulator. 

The  RF  pulse-modulated  signal  is  detected  by  a  detector  and  a  single 
trigger  pulse  (T  )  is  generated  by  the  50 ^s  delay  generator.  This 
trigger  is  delayed  from  the  leading  edge  of  the  first  inter¬ 
rogation  pulse  by  50ps  to  compensate  for  the.  "System-Delay"  in 
the  transponder.  This  trigger  pulse  is  the  main  timing  reference 
for  the  interrogator  and  establishes  t  =  0.  It  is  the  reference 
for : 

o  The  GTC  and  inverse  GTC 
o  Search  and  Tracking  Process 
o  Distance  Measurement  and  Averaging 
o  Velocity  Measurement 

The  reply  signal  from  the  circulator  is  applied  to  the  "Broad- 
Band  Pre-Selector  and  Limiter"  which  is  part  of  the  angle 
receiver.  For  details  of  the  front  end  see  Section  l.l.l.l.D. 

For  simplicity  of  explanation,  the  receiver  front  end  output  is 
applied  to  the  "Linear  IF  amplifier"  at  65  MHz  with  a  bandwidth  of 
7,0  MHz.  The  gain  of  the  IF  amplifier  is  controlled  by  a  "Gain- 
Time-Controlled"  GTC  wave-form  from  the  GTC  generator.  The  GTC 
wave-form  biases  the  IF  amplifier  according  to  a  function  of  time, 
beginning  with  t  =  0,  so  as  to  produce  essentially  constant  volt¬ 
age  signals  for  synchronous  replies  at  all  ranges. 

The  output  of  the  GTC's  amplifier  is  applied  to  a  "Two-Mode 
Fer ris-Discriminator" .  This  device  produces  essentially  "absolute 
selectivity"  over  a  bandwidth  of  t0.8  MHz,  while  providing  a 
"Video  Information  Eandwidth  of  3.5  MHz".  The  operation  of  this 
device  is  described  in  detail  in  F.azeltine  Report  3-5252  "Tech¬ 
nical  Proposal  for  the  Development  of  a  Microwave  Landing  System" 
(Sept  21,  1971),  and  in  section  1.1 . 1 . l.G. 3. a  of  this  report. 
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The  wideband  output  of  the  Ferris  Discriminator  is  then  applied 
to  an  amplifier  with  an  inverse  GTC  control  to  allow  close-in 
signals  to  be  amplified  by  aji  amount  permitted  by  the  S/N. 

The  output  of  the  Video  Amplifier  is  decoded  according  to  the 
selected  code  10  +2  (n-l)ns.  A  second  decoder  detects  signals 
coded  according  to  10.75  +  2(n-l).  The  output  of  the  two  decoders 
serve  as  logical-one  and  logical-zero  for  channel  identification. 
(See  previous  discussion  on  identification  coding  -  section 
l.l.l.l.G.2.d.) 

The  decoders  also  provide  a  gating  pulse  to  pass  only  the  first 
reply  pulse  which  is  delayed  by  slightly  more  than  the  code 
spacing. 

The  output  pulses  of  the  video  amplifier  are  then  peak-detected 
and  applied  to  a  circuit  which  recognizes  the  instant  (t)  when  it 
reaches  50%,  25%  and  10%  of  its  peak  amplitude.  If  distance  is 
calibrated  at  the  50%  of  peak-pulse  amplitude,  then  detection  at 
25%  and  10%  introduces  fixed  distance-biases,  which  are  known 
(  and  are  calibrated  out.  50%,  25%,  and  10%  amplitude  points  are 

selected  by  the  distance  measurement  circuits  and  produce  early 
decision  levels  which  provide  high  immunity  to  echoes  (see  text 
for  circuit  discussion  and  details).  The  output  of  the  amplitude 
recognizer  is  a  steep  rise  pulse  delayed  beyond  the  second  pulse 
and  gated  by  the  decoder  output. 

The  output  reply  of  the  %  amplitude  recognizer  is  then  applied  to 
the  Search  and  Track  circuits  which  locate  and  track  the  synchro¬ 
nous  reply.  This  reply  is  isolated  from  all  others  by  a  "track¬ 
ing  gate"  which  centers  itself  about  the  reply. 

The  Search  and  Track  circuits  are  shown  in  more  detail  in  the 
text.  Although  a  single  Search-Track  circuit  could  be  used,  the 
"Search-circuit"  is  so  simple  that  the  functions  of  "Search"  and 
"Track"  are  separated  to  allow  continued  "Search"  while  "Tracking" 
and  verify  that  the  bracked  reply  is  not  an  "echo"  of  the  true 
reply. 

( 
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The  "Tracking  Gate"  is  now  located  in  time  at  the  distance  of  the 
a/c  from  the  beacon.  Several,  say  5,  successive  "distance-gates" 
may  be  averaged  to  produce  a  distance  measurement  with  a  very 
small  random  error  ( *  9  ft.)  but  with  a  known  lag  error,  which 
is  a  function  of  velocity. 

Velocity  is  measured  by  measuring  the  time  required  to  cover  a 
given  distance. 

A  distance-correction  is  applied  from  the  measured  velocity  to 
correct  for  the  lag  introduced  by  the  distance  averaging. 

A  bias  correction  will  also  be  applied,  either  as  a  fixed  correc¬ 
tion  or  as  a  function  of  distance,  to  reduce  the  bias  error  intro¬ 
duced  by  the  transponder  to  values  <  20'. 

(3)  Search  and  Track  Circuits 

The  "Search  and  Track"  circuits  are  digital  in  operation  and  are 
similar  in  nature  to  those  used  in  the  latest  generation  of  L- 
BAND  DME  interrogators  (ARINC  568  and  equivalent)  now  manufactured 
by  RCA,  KING,  and  COLLINS.  The  details  of  this  operation  will 
not  be  repeated  here  except  where  they  differ  from  usual  practice. 

MLS  requires  a  maximum  range  of  only  30n.m.  instead  of  400n.m.  as 
for  the  present  L-BAND  DME.  This  permits  appreciable  simplifica¬ 
tion  in  the  "SEARCH"  function.  However,  MLS  requires  very  high 
accuracy  for  distance  U20')  and  velocity  (±10' /sec)  which  neces¬ 
sitate  special  treatment. 

(a)  Search 

The  shorter  range  over  which  search  takes  place  permits  selection 
of  the  first  received  reply  pulse  as  a  valid  reply,  unless  it  is 
shown  not  to  be  in  subsequent  processing;  in  which  the  search 
gate  is  resumed  from  range  Qn.m.  outward,  instead  of  proceeding 
outward  from  a  reply  that  may  be  non  synchronous,  as  is  done  pres¬ 
ently.  This  greatly  reduces  the  probability  of  missing  the  direct 
reply  and  locking  on  a  later  echo. 
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Search  is  ended  tentatively  on  receiving  two  consecutive  first 
replies  at  the  same  range.  This  positions  the  TRACKING-GATE. 

The  next  step  is  the  "Acquisition  Mode"  which  examines  the  con¬ 
tent  of  the  cate.  If  two  or  more  replies  fall  in  the  gate  for 
five  interrogation,  the  reply  is  presumed  valid  and  the  "Track." 
mode  is  initiated.  Once  in  the  TRACK  Mode,  loss  of  signal  in  the 
gate  results  in  continuous  positioning  of  the  gate  based  on 
memory  of  the  last  measurement  plus  velocity  correction,  for  say 
10  seconds.  After  this  time,  search  is  again  resumed. 

The  SEARCH  process  is  so  simple  that  it  is  continued  at  a  lower 
repetition  rate  even  during  the  "TRACK"  mode  for  verification 
that  the  gate  is  locked  on  the  direct  reply  and  not  on  an  echo. 

A  synchronous  reply  occurring  before  the  one  on  which  the  gate  is 
locked  causes  the  gate  to  release  and  lock  on  the  earlier  reply. 

(b)  Statistics  of  Search 

All  distance  measurements  start  with  the  RANGE-TRIGGER  which 
occurs  50ps  after  the  first  interrogation  pulse  and  which  estab¬ 
lishes  t  =  0.  The  distance  is  measured  by  counting  "clock  cycles" 
from  t  =  0  to  the  first  reply.  Two  counts  on  consecutive  inter¬ 
rogations  which  differ  by  less  than  a  predetermined  amount, 
establish  the  presumed  validity  of  the  reply  and  set-up  the 
TRACKING-GATE  so  that  its  center  is  located  at  the  counted  value. 

As  an  example,  let  an  a/c  be  at  25n.m.  (150,000  ft.)  from  the 
beacon  toward  which  it  travels  at  2,400  Kts  (4,000  ft/sec) ,  to 
take  an  extreme  case.  Its  DME  searches  when  interrogating  at  the 
rate  of  q  =  40/sec.  The  plane  travels  4000/40  =  100'  between 
interrogations . 

UP/DOWN  counters  are  used.  The  first  count  is  from  O'  to 
150,000'  (t=Q  to  300ps) .  The  second  count  is  from  0  to  (150,000- 
100).  The  result  is  150,000  -  150,000  +  100  =  100  ft  =  0.2ps. 

The  correct  range  is  presumed  to  be  150,000  ft  (300ps).  The  gate, 
say  4ms  in  duration  is  started  when  the  second  count  is  300.0  - 
1.5  =  298.5ms. 
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Table  8-5  shows  the  following:  the  distance  of  the  a/c  from 
the  beacon  as  (x)  in  feet-in  Col  (la)  and  in  elapsed  time  (T)  in 
Col  (lb);  the  average  number  of  non-synchronous  replies  per  inter¬ 
rogation  which  precede  t.he  valid  reply  at  range  (T)  is  mT,  where 
(m)  is  the  reply  rate  of  the  beacon.  Including  spurious  replies 
received  by  the  a/c,  m  =  2,700/sec.  for  a  fully  loaded  system. 
mT  is  shown  in  Col  (2) j  the  probability  that  one  or  more  non- 
synchronous  replies  precede  the  desired  reply  is  P(+)  obtained 
from  the  Poisson  Summation  and  given  in  Col  (3) ;  the  probability 
that  no  non-synchronous  reply  precedes  the  desired  reply  is 
P(o)  =  1.0-P(1+),  Col  (4);  the  average  number  of  desired  replies 
per  interrogation  is  equal  to  B,  the  beacon  reply  efficiency, 

Col  (5);  the  probabilrty  that  a  desired  reply  (B)  is  not  preceded 
by  a  non-synchronous  signal  is  BP(o),  Col  (6);  the  probability  that 
two  successive  desired  replies  are  not  preceded  by  a  non-synchron¬ 
ous  signal  is  [b  P(o)j2,  Col  (7);  The  number  of  interrogations 
necessary  to  obtain  two  valid  1st  replies  lies  between 


[B  P(oj] 


1  +1 


and 


[B  P(o)] 


as  shown  in  Col  (8) for  the  pessimistic  case  of 

_L_  . 

[B  P  (o)]  2 ; 

and  the  time  required  to  complete  search  by  finding  two  such  con¬ 
secutive  replies  when  interrogating  at  the  rate  of  q/sec  is 
pessimistically  [2/(B  P(o)]2q,Col  (9) 

For  a  fully  loaded  system,  the  Search  time  is  less  than  0.10  sec 
at  5.0  n.m.  and  less  than  0.45  sec  at  30  n.m. 


(c)  Search  Circuit  (Fig.  8-34) 

The  search  circuit  consists  of  an  UP/DOWN  counter  which  counts  ..  e 
number  of  clock-pulses,  at  the  rate  12.5  MHz,  which  occur  between 
the  trigger  at  t=0  and  the  reception  of  the  first  reply  decoded 
2nd  pulse  at  t=x/500  ns  (x  in  feet)  .  In  succession,  one  count  is 
UP  and  the  next  count  is  down.  Since  we  are  searching  for  two 
consecutive  counts  at  the  same  distance  search  is  ended  when  the 
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Figure  8-34.  Search  Circuit 
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(  '  UP  count  minus  the  down  count  ^ 10  (400  ft).  This  low  combination 

count  results  in  throwing  a  switch  to  initiate  the  "acquisition" 
and  the  "track"  modes  in  succession.  In  actuality,  there  will  be 
two  UP/DOWN  counters  so  that  each  successive  pulse  will  be  part 
of  a  pair  of  pulses  (either  UP  or  DOWN) ,  and  the  search  time  will 
be  reduced  substantially.  (This  is  not  shown  here  for  simplicity 
of  explanation.) 

Acquisition,  Tracking,  and  Verification 

The  "Tracking  Gate",  3.0  to  5.0  us  in  duration,  tracks  and 
isolates  the  true  reply  from  all  other  replies.  To  make  it  "Track" 
the  selected  reply  once  it  has  been  found  by  "Searching" ,  two 
methods  can  be  used  as  follows: 

The  gate  is  divided  into  an  "early"  and  a  "late"  gate.  A  reply 
which  falls  in  the  "late  gate"  causes  the  gate  to  occur  later  in 
time  (at  a  slightly  greater  distance)  prior  to  receipt  of  the 
next  reply.  The  converse  applies  to  a  reply  in  the  "early  gate". 

The  resulting  balance  between  the  two  "half  gates"  centers  the 

(  whole  gate  on  the  desired  reply.  This  method  has  been  used  essen¬ 

tially  by  all  DME  interrogators  until  the  most  recent  generation. 

Referring  to  figure  8-35,  Clock-Pulses  (0)  at  a  high  rate  (say 
12.5  MHz)  are  counted  by  the  "Tracking-Counter"  from  the  initiation 
of  the  count  by  the  Trigger  (T)  until  it  is  reset  by  a  reply 
through  the  AND-GATE  (after  the  %A  recognizer) .  During  "Search" 
the  AND-GATE  is  in  a  receptive  condition  to  pass  all  replies  (r) 
by  receiving  a  (+)  signal  through  switch  S-l  in  the  "Search" 
position.  During  "Track"  the  AND-GATE  is  actuated  by  the 
"tracking-gate  pulse". 

Each  count  from  the  Tracking-Counter  is  stored  by  the  Track-Storage- 
register.  When  the  second  count  exceeds  the  (Stored  Count  minus 
25  counts)  the  "tracking-gate  pulse"  is  generated  which  is  applied 
to  the  AND-GATE  when  Switch  SI  is  in  ''Track"  position.  The  next 
reply,  if  true,  is  then  centered  in  the  "tracking-gate  pulse". 

The  count  for  the  position  of  the  tracking  gate  is  again  stored  in 
the  (count-storage  register). 

(  ) 
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SEARCH; 

1)  It  output  at  A  ia  <10  counts,  then  switches  SI,  S2,  S3  are 
thrown  to  position-^)  TRACK. 

ACQUISITION! 

2)  Alter  search  is  ended  and  switches  SI,  52,  S3  are  in  TRACK 
position  (2)  t 

If  the  acquisition  counter  counts  less  than  3  replies 
in  10  interrogations,  switches  are  returned  to  SEARCH 
position, 

FALSE  LOCK-ON  MONITOR! 

While  in  TRACK,  if  the  SEARCH  up/down  counter  A  <10  counts 
and  the  up  count  (a)  is  less  than  the  current  range  reading 
in  the  TRACK  register  (b) ,  which  would  indicate  an  earlier 
synchronous  reply,  the  switches  are  thrown  back  to  position 
(1)  to  resume  SEARCH, 


.  Search  Acquisitio.!  Track  Operation 


Figure  8-35 
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Acquisition 

This  is  a  trial  condition  which  verifies  if  the  ’'Search"  has 
truly  ended  on  a  proper  reply.  To  do  so,  the  number  of  "gated- 
replies"  during  10  interrogations  (Triggering)  is  counted,  if 
there  are  at  least  (say  3)  "gated  replies"  in  ten  interrogations, 
the  "Tracking  Conditions"  is  confirmed. 

During  "Tracking",  the  "Search"  circuit  continues  its  search  by 
counting  up  and  down.  One  of  the  counts  (a'  is  stored  in  the 
"Search"  register.  If  the  UP  count  equals  t.he  DOWN  count,  the 
stored  count  is  compared  with  that  of  the  "Tracking  Counter"  (b) . 
If  a  <  (b  -  code  spacing),  then  'Search"  is  resumed. 


Implementation  to  Achieve  Accuracy 
Random  Errors 

Random  errors  in  the  measurement  of  distance  are  discussed  in 
section  l.l.l.l.G.2.b(5)  and  l,l.l.l.G.6.c.  Section  1.1.I.1G.2.C 
discusses  the  means  of  achieving  velocity  accuracy.  The  basic 
means  consist  of  averaging  a  number  of  successive  measurements. 


Velocity  (Fig.  8-36) 


Each  Trigger  (T)  starts  an  "UP-count"  which  is  stopped  by  the 

"Tracking-Gate-Pulse"  to  measure  distance  (X  ) .  15  UP-councs  are 

n 

added  (from  T^  through  T^ )  which  are  followed  by  15  DOWN-counts 
(from  Tj^  through  T29)  w^en  the  counter  is  "reset". 


After  count  #29,  the  final  count  is 


29 

z  xn 
15 


14 

2  Xn 
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2  Mh 

vn  Tt  [}*  a2J  v(AT)  t  y/2n  0 

Y1  X 


where  v  is  the  velocity  to  be  measured 

n  =  15  is  the  number  of  UP-measurements  and 
DOWN  measurements 
T  =  Trigger  period  »  1/15  sec 
(AT)  ~  Trigger  jitter;  ( AT) /T  ■  0.02 

o  =  Random  distance  error  per  measurement 
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Figure  8-36.  Velocity  (Range-Rate  Measuring  Circuit 
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The  velocity  V  is  then 
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The  difference  of  the  sums  if  first  divided  by  n=15  by  ALU#1 
and  then  by  nT=15T  which  is  accurately  measured  by  counter  #2. 

Substituting  the  above  parameters  gives 

V  -  V  [l  ±  .008]  i  7.5  ft/sec 

The  total  measurement  requires  30  interrogations  or  30/15  =  2.0 
sec.  Since  each  component  measurement  of  distance  includes  changes 
in  velocity,  the  final  result  is  a  true  measure  of  the  average 
velocity  over  the  previous  two  seconds  (including  acceleration) . 

Distance  Averaging  ( Figure  8-37) 

The  basic  trigger  (T)  at  t=0  is  applied  to  "Tracking  counter"  (l) 
(which  is  the  same  unit  shown  in  Figure  8-35)  to  .initiate  the 
counting  of  clock-pulses  (0)  at  the  rate  of  12.5  MHz .  The  counting 
is  stopped  after  each  Trigger  by  the  "Tracking  Gate  Pulse"  at 
distance  (Xn) .  The  counter  is  reset  sometime  after  the  reception 
of  the  "tracking-gate  pulse". 

The  trigger  is  also  applied  to  "Control  Unit"  (2)  which  counts  one 
to  10  trigger  pulses  and  then  resets. 

Five  "adders"  (A-l  to  A-5)  controlled  by  the  "Control  Unit"  (2) 
add  the  counts  from  the  "tracking-counter"  (1)  as  follows: 


Adder  A, 


A»  - 


A,  - 


n+4 

s  X 

n 

n+5 

£  X 
n+1 

n+6 

n+2  *n 


n 


n 


etc . 


Figure 
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The  outputs  of  the  five  adders  are  applied  successively  to  Multi¬ 
plexing  Unit  (3)  after  triggers  (6),  (7),  (8),  (9),  (10),  (1)  etc. 


Th'j  average  of  5  distance  measurements  is  obtained  by  ALU  #1 
which  divides  the  output  of  (3)  by  (5)  to  give 


,  n+4 
-  i  I 
^  - 
n 


n 


-  2VT  t  a  /  Js 


However,  this  measurement  is  correct  for  two  measurements  ago. 
The  correct  value  is 

xn  -  XQ  -  4VT  ±  ox/  %/5~ 


The  correction  is  applied  by  "elapsed-time"  counter  (4)  which 
counts  the  time  taken  for  10  interrogations  t=10T.  The  velocity 
(V)  obtained  from  the  circuit  of  figure  V1I-6  is  multiplied  by 
(10T)  in  AL'J  #2  to  give  10VT.  This  value  is  then  divided  by  (5) 
by  ALU  #3  to  supply  the  correction  (2TV)  which  is  subtracted  from 
v  -  2VT  to  give  the  correct  value  of  v  =  v  -  4VT  ±  a  /  Jh . 

The  polarity  of  the  correction  is  established  by  the  UP/DOWN 
counter  in  the  velocity  circuit  depending  on  whether  the  velocity 
is  +  or  -.  ')  le  details  of  the  polarity  switch  are  not  given. 

Note  -  The  nuiaber  of  clock  pulses  between  the  trigger  and  the 
reply  is  quantized  and  cannot  be  less  than  1.0  pulse  (0.C8  uS  = 

40  ft  for  a  12.5  MHz  clock).  If  the  clock  were  started  in  the 
same  phase  by  the  trigger,  the  arrival  of  the  reply  would  be  in 
doubt  by  0.08  us.  To  obviate  this,  it  is  important  that  the  phase 
of  the  clock  pulse  be  completely  random  with  respect  to  the 
trigger  and  therefore  with  respect  to  the  reply.  If  the  actual 
number  m  or  m+1  is  completely  random  and  one  is  as  likely  as 
another,  then  the  standard  deviation  for  the  actual  count  is 
o  -  ±0.23  x  1.0  =  +0.29  pulse  or  =  ±0.029  x  0.08  =  ±0.0032  us. 

Bias  Errors 

The  bias  errors  due  to  measurements,  neglecting  for  the  moment 
those  duii  t.o  juipmen  -  drift,  are  due  to  the  following:  (1)  Close-in 
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echoes  which  are  unpredictable  but  can  be  almost  eliminated 
by  a  steep  leading  edge  and  an  early  decision  level?  (2)  Having 
the  transponder  use  a  fixed  decision-level  at  low  voltage.  This 
provides  the  only  reliable  protection  from  echoes.  The  error  is 
predictable  and  can  be  partly  calibrated  out  as  shown  in  section 
1. 1.1.1 .G.2.b. (4) ;  and  (3)  The  error  due  to  distance-averaging 
which  can  also  be  corrected  completely. 

Other  bias  errors  due  to  equipment  drift  can  be  calibrated  out  by 
means  of  an  automatic  self-checker.  This  provides  for  a  reply  at 
a  known  distance.  The  indicator  corrects  itself  if  it  indicates 
erroneously . 

(4)  DME  Interrogator  Receiver 

A  detailed  block  diagram  of  the  DME  interrogator  receiver  is 
shown  in  figure  8-38.  The  RF  front  end  is  part  of  the  angle 
guidance  receiver  and  is  described  in  section  l.l.l.l.D  of  this 
report. 

To  insure  effective  image  suppression,  the  receiver  utilizes  dual 
down  conversion.  Primary  conversion  takes  place  in  the  RF  front 
end  section  where  the  received  channels  are  converted  to  a  first 
IF  frequency  of  451  MHz.  The  signal  to  noise  ratio  is  established 
in  the  RF  front  end  section  and  is  based  on  having  a  4.5  db  noise 
figure  at  the  input  to  the  main  portion  of  the  interrogator 
receiver.  This  noise  figure  is  achieved  by  using  a  2N2857  ampli¬ 
fier  at  the  451  MHz  frequency  to  drive  the  second  down  converter. 
The  local  oscillator  for  the  second  down  conversion  is  obtained 
from  a  crystal  controlled  oscillator  operating  at  98.5  MHz.  A 
quadrupler  amplifier  raises  this  frequency  and  power  level  to 
386  MHz  and  10  mw  respectively,  sufficient  to  produce  the  second 
down  conversion  to  an  IF  frequency  of  65  MHz. 

Amplif ication  at  the  second  IF  frequency  is  obtained  using  a  four 
stage  linear  amplifier  comprised  of  synchronously  tuned  3N187 
MOSFET's.  At  the  threshold  signal  level,  the  IF  amplifier  provides 
75  db  gain.  The  expected  dynamic  range  for  this  receiver  is  50 
db .  In  order  to  insure  non-limited  operation  of  the  receiver  and 
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to  maintain  a  constant  detected  pulse  output,  the  IF  amplifier  is 
provided  with  Gain  Time  Control  (GTC) -  Dual  channel  MOSFET's 
are  particularly  useful  as  gain  controlled  amplifiers  since  they 
can  be  controlled  with  no  appreciable  frequency  detuning  or 
variation  in  bandwidth.  The  3N187  is  capable  of  providing  ap¬ 
proximately  17  db  gain  reduction  when  the  bias  on  gate  2  is  varied 
from  +4  volts  to  0  volts  with  respect  to  the  source  terminal. 

The  GTC  signal  is  shaped  in  accordance  with  the  gain  characteristics 
of  the  3N187  such  that  linear  gain  variation  is  achieved  over  the 
dynamic  range  of  the  receiver.  Therefore,  the  requirement  for 
prevention  of  limiting  and  maintaining  a  constant  detected  pulse 
output  is  achieved  by  providing  GTC  to  the  first  three  stages  of 
the  IF  amplifier. 

A  search-track  gate  is  employed  at  the  outp  it  of  the  IF  amplifier 
to  minimize  receiver  suscepcabilily  to  unwanted  pulses.  In  the 
search  mode,  the  gate  is  turned  on  for  30  n.mi  with  every  inter¬ 
rogation  in  order  to  allow  the  receiver  to  search  for  legitimate 
transponder  replies  out  to  the  maximum  range  of  the  interrogator. 
When  a  legitimate  transponder  reply  is  confirmed  by  the  receiver 
logic,  the  gate  is  automatically  switched  to  the  track  mode  and 
is  enabled  only  during  the  time  period  that  a  legitimate  trans¬ 
ponder  reply  is  expected.  See  section  1 . 1 . 1 . 1 .G . 4 . a . (3 )  for  a 
full  discussion  of  the  search,  acquisition,  track  gating  sequence. 

The  search-track  gate  is  followed  by  a  Two  Mode  Ferris  Discrimi¬ 
nator,  used  to  detect  on-channel  signal  and  to  reject  adjacent 
channel  signals.  Operation  of  the  TMFD  as  a  detector  and  adjacent 
channel  discriminator  is  described  in  detail  in  section 
1.1. 1.1. G. 3. a.  (2)  of  this  report. 

The  wideband  output  of  the  TMFD  is  fed  to  the  decision  threshold 
circuitry.  This  section  contains  several  stages  of  video  gain 
utilizing  3N187  MOSFET's.  A  reverse  GTC  signal  is  applied  to  gate 
2  in  order  to  restore  the  signal  dynamic  range.  The  pulse,  with 
its  restored  dynamic  range  is  fed  to  a  threshold  circuit  that  uses 
a  percentage  of  the  pulse  amplitude  as  the  threshold.  The 


Report  10926 


percentage  will  vary  as  a  function  of  range  to  achieve  maximum 
accuracy  in  a  multipath  environment  as  described  in  section  2.b.3. 
Distance  is  measured  by  stopping  the  clock  count  when  the  rise 
time  crosses  the  threshold. 

A  random  pulse  generator  is  employed  as  the  trigger/synchroni2er 
to  insure  that  the  receiver  does  not  lock  onto  transponder  replies 
elicited  by  other  aircraft  interrogating  the  same  transponder. 

Its  function  is  to  initiate  the  transmitter,  the  range  measuring 
circuits,  the  control  logic  and  the  GTC  signal  generator. 

(5)  Interrogator  Transmitter 

Figure  8-39  is  a  simplified  block  diagram  showing  the  design 
approach  to  be  used  in  the  feasibility  model  airborne  DME  inter¬ 
rogator  transmitter.  The  transmitter  is  an  all  solid  state 
design  except  for  the  final  output  amplifier.  The  peak  power  out¬ 
put  requirements  (100  watts  peak)  of  the  final  output  stage  will 
be  met  with  planar  ceramic  triodes.  However,  for  the  prototype 
units  the  use  of  solid  state  devices  such  as  transistors  or 
TRAPATT  diodes  for  the  output  amplifier  is  a  definite  possibility. 
See  section  5 .  a. 

Figure  8-40  is  a  detailed  block  diagram  of  the  transmitter.  Fre¬ 
quency  excitation  is  derived  from  a  fifth  overtone  crystal  con¬ 
trolled  oscillator  operating  at  1/60  of  the  transmitter  frequency. 
The  oscillator  is  followed  by  a  frequency  tripler  that  will  pro¬ 
vide  a  minimum  of  2  milliwatts  CW  power  at  the  output.  A  class  AB 
stage  is  used  for  the  tripler  in  order  to  obtain  good  multiplica¬ 
tion  gain  and  stability.  In  addition,  some  padding  is  provided  at 
the  output  of  the  tripler  for  increased  stability  and  isolation. 

The  crystal  controlled  oscillator  and  tripler  section  is  followed 
by  a  VHF  amplifier  section.  This  section  accepts  the  2  mw  CW 
signal  and  provides  a  pulse-modulated  4  Watt  peak  power  signal  at 
its  output.  This  section  contains  three  stages  of  power  gain, 
providing  a  minimum  gain  of  33  db .  Each  stage  in  this  section  is 
modulated  in  order  to  insure  a  maximum  on-off  ratio  of  the  output 
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igure  8-40.  Transmitter  Detailed  Block  Diagram 
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signal.  The  first  and  second  stages  are  biased  for  class  A  and 
class  AB  operation  respectively  in  order  to  preserve  pulBe  linear¬ 
ity.  The  third  stage  is  biased  for  class  C  operation. 

Frequency  multiplication  up  to  the  transmitter  frequency  is  ob¬ 
tained  in  a  2  stage  multiplier,  separated  by  a  stage  of  ampli¬ 
fication.  The  amplifier  is  included  between  the  multipliers  to 
provide  isolation  and  to  make  up  for  some  of  the  losses  due  to  the 
multipliers.  The  first  multiplier  is  designed  for  a  multiplication 
ratio  of  10  and  is  achieved  using  a  step  recovery  diode  similar 
to  the  Hewelett  Packard  HP0300.  The  4W  peak  input  pulse  is  con¬ 
verted  to  a  . 5W  peak  output  pulse  at  */2  the  transmitter  frequency. 
This  stage  will  be  followed  by  an  MSC  4003  power  transistor  capable 
of  amplifying  the  . 5W  input  pulse  to  3.5W  peak  at  the  output.  This 
stage  provides  isolation  between  the  10  times  multiplier  and  the 
output  doubler  stage. 

• 

The  final  frequency  multiplier  stage  is  designed  as  a  doubler  using 
a  Motorola  IN5155  abrupt  junction  diode.  The  output  frequency 
of  this  stage  will  be  the  transmitter  frequency.  The  IN5155  will 
provide  a  1.5  Watts  peak  power  at  the  transmitter  frequency  for 
the  3.5  Watts  peak  input  power  at  1/2  the  transmitter  frequency. 

The  final  output  amplifier  is  designed  using  Eimac  8912  planar 
ceramic  triodes.  Each  triode  stage  is  capable  of  providing  a 
minimum  of  6.5  db  gain  at  the  transmitter  frequency  thus,  a  3  stage 
amplifier  is  used  to  provide  a  minimum  of  100  Watts  of  peak  power 
at  the  transmitter  output. 

The  bandwidth  of  the  transmitter  is  sufficiently  broad  (70  MHz 
at  1  db  down)  to  accommodate  all  DME  channels  (including  sufficient 
tolerance  for  a  0.1  usee  risetime  pulse  for  the  first  and  last 
channels)  without  the  need  for  tuning.  The  sole  requirement  for 
changing  channel  frequency  is  to  replace  the  crystal  in  the 
exciter  crystal  controlled  oscillator. 

Pulse  modulation  is  performed  at  the  medium  power  level  of  the 
VHP  amplifier.  The  modulator  receives  pulses  from  the  DME 
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interrogator  coder.  The  three  stages  are  sufficient  to  provide 
ample  drive  to  modulate  the  three  VHF  power  stages  in  the 
transmitter. 

b.  DME  Transponder 

(1)  General 

The  transponder  portion  of  the  DME  system  serves  as  the  ground 
"reflector"  of  coded  pulse  pairs  from  the  airborne  interrogator. 

A  simplified  block  diagram  indicating  the  major  subsections  of 
the  transponder  is  shown  in  figure  8-41.  The  receiver  section 
provides  the  sensitivity  and  dynamic  range  necessary  to  amplify 
the  received  RF  interrogations.  The  coded  pulse  pairs  are  passed 
into  the  video  portion  of  the  transponder  where  only  the  on- 
channel,  properly  coded  pulses  are  accepted.  Following  the  video 
processing  and  decoding,  the  pulses  are  encoded  and  transmitted  as 
the  interrogator  "reflected"  and  delayed  signal.  Details  are 
provided  in  the  sections  on  the  receiver,  transmitter  and  video 
that  follow. 

(2)  Transponder  Receiver 

The  transponder  receiver  is  designed  to  cover  the  full  transponder 
receiver  band  (5003  MHz  to  5060  MHz)  without  the  need  for  tuning. 
However,  the  close  proximity  of  this  band  to  that  of  the  trans¬ 
ponder  transmitter  band  (5068  MHz  to  5125  MHz)  requires  the  use  of 
dual  down  conversion  in  order  to  insure  maximum  image  rejection. 

In  addition,  local  oscillator  re-radiation  will  be  reduced  to 
acceptable  levels  through  the  use  of  double  conversion. 

Figure  8-42  is  a  block  diagram  of  the  receiver  front  end  and  first 
down  converter.  The  receiver  will  utilize  a  low  noise  rf  amplifier 
to  achieve  a  low  NF  and  reduce  the  peak  power  required  in  the  air¬ 
borne  transmitter.  Several  approaches  are  available  including  Ga 
As  FET's  that  have  demonstrated  3  db  NF  beyond  5  GHz.  The  following 
discussion  centers  around  the  use  of  an  available  tunnel  diode 
amplifier  as  is  planned  for  Feasibility,  but  should  not  be 
construed  as  the  final  choice  for  future  MLS  DME.  A  tunnel  diode 
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Figure  9-41.  DME  Transponder  Simplified  Block  Diagram 


Report  10926 


amplifier,  having  a  gain  of  15  db  and  a  noise  figure  of  4.5  db, 
determines  the  receiver  noise  figure  in  conjunction  with  the 
remaining  portion  of  the  receiver.  The  tunnel  diode  amplifier 
is  followed  by  a  post  selector  (insertion  loss  1  db)  and  a 
balanced  mixer-IF  amplifier  combination  with  a  12  db  noise  figure. 
The  receiver  noise  ratio  referred  to  the  tunnel  diode  input  ter¬ 
minals  is  therefore: 

F  -1 

ri2  ‘  h  *  -§r  *  2'8  +  htf  -  3-4  <5-3  <“» 

where : 

f12  “  overa11  receiver  noise  ratio 

-  noise  ratio  of  tunnel  diode  amplifier 
F^  <=  combined  noise  ratio  of  post-selector  and 
mixer 

G^  =  gain  ratio  of  tunnel  diode  amplifier 

The  insertion  loss  of  the  passive  devices  preceeding  the  tunnel 
diode  amplifier  is  2.2  db  and  is  budgeted  as  follows: 

diode  limiter  ’  1.0  db 

signal  pre-selector  =  0.9  db 

transmit/receive  circulator  «  0.3  db 

Total  2.2  db 

The  receiver  noise  figure  referred  to  the  antenna  terminals,  is, 
therefore,  5.3  db  +  2.2  db  =  7 . 5  db  +  cable  losses.  If  long  cable 
runs  are  required,  it  may  be  preferable  to  install  the  front  end 
at  the  antenna  to  minimize  overall  NF. 

Signal  preselection  is  required  to  prevent  strong  signals  outside 
the  receiver  bandwidth  from  saturating  the  tunnel  diode  amplifier. 
Saturation  of  the  tunnel  diode  amplifier  occurs  at  an  input  signal 
level  of  -39  dbm.  The  amplifier  is  also  protected  from  burn  out 
during  the  transmitter  pulse.  As  indicated  in  section 
1. 1. 1 . l.G. 4 .b,  the  transponder  peak  power  output  is  1  KW. 

Reverse  attenuation  of  the  transmitter/receiver  circulator  is  20 
db  and,  therefore,  a  leakage  of  10  Watts  peak  is  expected  in  the 
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receiver.  The  burn  out  level  of  the  tunnel  diode  amplifier  is 
250  mw.  A  diode  limiter  with  a  peak  power  capability  of  20  Watts 
and  a  leakage  level  of  75  mw  is,  therefore,  included  for  tunnel 
diode  amplifier  protection. 

The  signal  output  of  the  tunnel  diode  amplifier  is  passed,  through 
the  post  amplifier,  to  the  first  down  converter.  This  signal, 
in  conjunction  with  the  first  local  oscillator,  produces  a  first 
IF  frequency  of  225  MHz. 

Figure  8-43  is  a  block  diagram  of  the  local  oscillator  section 
of  the  transponder  receiver.  The  base  frequency  for  the  first 
local  oscillator  (253.4  MHz  to  256.25  MHz)  is  obtained  from  the 
transponder  transmitter  described  in  section  1 . 1.1. 1.G.4 .b  of  this 
report.  This  CW  signal  is  amplified,  quadrupled  and  fed  to  an  off¬ 
set  mixer.  The  off-set  signal  (60  MHz)  is  obtained  from  the 
crystal  controlled  base  oscillator  of  the  second  1^_  ~ 1  oscillator. 
The  lower  sideband  (953.6  MHz  to  965.0  MHz)  output  of  the  ofi-set 
mixer  is  amplified  and  multiplied  by  five  to  obtain  the  first  local 
oscillator  frequency  of  4768  MH2.  The  second  local  oscillator  is 
obtained  from  the  crystal  controlled  base  oscillator  at  60  MHz. 

A  5  times  multiplier  raises  the  60  MHz  up  to  300  MHz,  the  local 
oscillator  frequency  required  for  the  second  down  conversion. 

Figure  8-44  is  a  block  diagram  of  the  second  down  converter  and  IF 
amplifier.  The  signal  input  (235  MH2 )  to  the  second  down  converter 
is  combined  with  the  second  local  oscillator  (300  MHz)  to  obtain  an 
IF  frequency  of  65  MHz.  This  signal  is  pre-amplif ied  and  passed 
to  the  log  IF  amplifier  through  a  band  limiting  filter.  The  log 
IF  amplifier,  described  in  section  1 . 1 . 1 . 1 .G. 3 . a  of  this  report, 
provides  linear  amplification  over  the  dynamic  range  of  the  re¬ 
ceived  signal.  A  detected  log  Video  pulse  is  supplied  to  the  Video 
processing  circuits  by  the  log  IF  amplifier.  In  addition,  the  log 
IF  amplifier  provides  wide  band  IF  signals  (both  on-channel  and 
adjacent-channel)  to  the  TM.FD  for  on-channel  signal  selection. 

The  IF  signal  is  also  supplied  to  a  surface  wave  delay  line  to 
provide  system  delay  at  IF  frequencies. 
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The  following  basic  parameters  set  the  design  of  the  adjustable 
surface  wave  delay  line  system. 

Center  Frequency  65  MHz 

Delay  Range  35  to  60  ys 

Adjustment  steps  within  ±0.0155  ysec  of  nominal 

(±  1  cycle  of  65  MHz) . 

Delay  drift  ±  .Olys  for  all  combinations  of 

5  to  100  percent  humidity 
-30°  to  70°C  temperature 

ST-cut  quartz  is  the  only  material  known  to  have  a  low  enough 
temperature  coefficient  for  acoustic  surface  wave  delay.  The 
basic  tapped  delay  line  consists  of  an  input  and  output  inter¬ 
digital  transducer  4  wavelengths  long.  To  achieve  the  delay 
adjustment,  the  input  transducer  is  chosen  from  a  group  of  103 
identical  transducers  spaced  16  wavelengths  (.0305  inches)  apart. 
Coarse  delay  adjustment  consists  of  selecting  one  of  these 
transducers . 

The  output  transducer  consists  of  two  adjacent  sections  chosen  from 
a  group  of  9  contiguous  sections,  each  2  wavelengths  long.  The 
eight  choices  provide  fine  delay  steps  of  .031  ys. 

Figure  8-45  shows  the  quartz  piece  with  its  electrode  pattern 
mounted  in  a  recess  on  a  printed  circuit  board.  The  input  trans¬ 
ducers  are  spaced  too  close  together  to  be  accommodated  by  one 
array  of  connections  on  the  P.C.  board.  The  odd-numbered  input 
transducers  are  wire-bonded  to  lands  on  one  side  while  the  even- 
numbered  taps  are  bonded  to  lands  on  the  other  side.  All  lands 
are  connected  to  a  ground  bus  for  shieldinq  purposes.  For  field 
adjustment,  the  desired  land  is  cut  away  from  the  ground  bus  and 
a  wire  jumper  is  soldered  from  the  selected  land  to  a  hot  bus 
conductor.  The  lar.ds  are  spaced  on  .061  inch  centers,  so  it  is 
possible  to  do  the  soldering  with  a  small  pencil  iron.  If  the 
adjustment  is  to  be  changed,  the  severed  conductor  can  be  bridged 
with  a  wire  jumper,  and  a  new  land  opened  and  connected  to  the 
hot  bus. 
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The  nine  sections  of  the  output  transducer  are  spaced  on  .0038 
inch  centers.  The  connections  are  fanned  out  on  the  quartz  plate 
to  a  row  of  nine  bonding  pads  spaced  .062  inch  apart.  These  pads 
are  wire  bonded  across  to  conductors  on  the  P.C.  board.  All 
tran  icer  sections  are  connected  to  a  P.C.  ground  bus.  For  field 
setting,  two  of  the  ground  connections  are  scratched  out,  and  the 
selected  transducer  sections  are  wired  to  the  output  bus . 

The  optimisitic  estimate  of  insertion  loss  (measured  with  65  MHz 
C.W.)  is  32  dB.  Stray  capacitance  added  by  the  P.C.  connections 
and  the  associated  simplifiers  increase  the  loss  to  a  maximum 
value  of  42  dB.  An  output  amplifier  is  incorporated  in  the  pack¬ 
age  in  order  to  allow  operation  at  1000  ohm  impedance  level 
rather  than  the  customary  50  ohm  level.  This  makes  impedance 
matching  easier,  with  the  introduction  of  less  stray  C. 

Hazeltine  has  100%  confidence  in  the  acoustic  surface  wave 
design.  The  material,  aperture  dimension  (.30  inch)  and  the 
path  length  (7.45  inches)  are  the  same  as  those  used  in  our 
511  -  bit  tapped  delay  lines  operating  at  60  MHz,  and  70  MHz. 

The  path  length  attenuation  is  2.7  dB  and  the  diffraction  (beam 
spreading)  loss  is  0.3  dB.  These  figures  are  included  in  the 
theoretical  insertion  loss  of  32  dB. 

Aluminum  metallization  will  be  used.  The  reflection  coefficient 
for  1000  A°aluminum  fingers  has  been  measured.  A  40  dB  spurious 
response  level  can  be  met  by  using  three  fingers  per  wavelength 
in  the  transducers,  a  common  practice  at  Hazeltine.  (If  A 
represents  connection  to  the  hot  bus  and  B  represents  connection 
to  the  ground  bus,  the  fingers  are  connected  B  A  BB  A  3B  A  BB 
A  B.)  Distortion  due  to  bulk  wave  coupling  by  the  fingers  is 
known  to  be  negligable  on  quartz. 

(3)  Transponder  Transmitter 

The  approach  used  in  the  design  of  the  transponder  transmitter 
is  similar  to  that  used  for  the  interrogator  transmitter  described 
in  section  1. 1.1. 1 .G.4 . a  of  this  report.  There  are,  however, 
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several  differences  to  be  noted  and  only  these  differences  will 
be  described.  They  are  as  follows: 

o  The  output  power  of  the  transponder  is  1  KW  peak  rather 
than  100  Watts  peak. 

o  The  transponder  transmitter  chain  provides  the  local 
oscillator  signal  for  the  first  down  conversion  in  the 
transponder  receiver  {see  figure  8-46). 

o  The  output  frequency  is  65  MHz  lower  than  the  inter¬ 
rogator  transmitter  frequency. 

The  last  of  these  differences  is  relatively  minor  and  is  accomo¬ 
dated  by  adjustment  of  the  oscillator.  The  first  difference, 
however,  requires  an  additional  stage  of  gain  in  the  final  output 
amplifier.  This  portion  of  the  transponder  transmitter  will 
contain  four  Eimac  8912  planar  triodes  instead  of  the  three  re¬ 
quired  for  the  interrogator. 

The  local  oscillator  for  the  transponder  receiver  first  down 
conversion  is  obtained  from  the  transmitter  frequency  multiplier 
chain  at  the  output  of  the  oscillator  tripler  stage.  The  CW 
signal  is  fed  to  the  receiver  where  it  is  multiplied,  off-set 
and  applied  to  the  receiver  first  down  converter.  A  detailed 
description  of  the  local  oscillator  frequency  multiplier  is 
presented  in  section  1 . 1 . 1 . 1 .G . 4 .b. 

(4)  Transponder  Video 

The  transponder  video  section  processes  the  received  pulses  to 
determine  if  they  are  legitimate  interrogations.  This  function 
is  performed  by: 

o  rejecting  adjacent  channel  signals  through  the  use  of 
a  Two  Mode  Ferris  Discriminator. 

o  rejecting  echos  of  the  on-channel  pulses  through  the  use 
of  an  echo  discriminator. 

o  insuring  proper  pulse  spacing  (code)  through  the  use  of 
a  decoder. 
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Figure  8-46.  Transponder  Transmitter  Block  Diagram 
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The  video  section  also  initiates  the  transponder  reply  by 
correlating  the  decoded  pulses  with  the  detected  wide  band  pulse 
from  the  surface  wave  delay  line. 

Figure  8-47  is  a  block  diagram  of  the  transponder  video  section. 

The  circuits  up  to  the  output  of  the  echo  discriminator  are 
described  in  section  l.l.l.l.G.3.  A  sharply  rising  video  pulse 
(0.2  sec.  rise  time),  obtained  from  the  log  IF  detected  video 
output,  is  gated  into  the  video  processing  circuits  by  virtue  of 
channel  selectivity  offered  by  the  TMFD .  The  requirement  for  a 
sharply  rising  pulse  for  an  on-channel  pulse  pair  in  the  video 
processing  circuits  is  necessary  for  decoding  purposes.  The  decoder 
is  designed  for  a  decoding  tolerance  of  0.5  ^seconds.  The  cn-channel 
echo-free  output  of  the  echo  discriminator  is  applied  to  the 
decoder.  Only  those  pulse  pairs  that  match  a  code  peculiar  to  an 
individual  transponder  will  be  allowed  to  pass  through  the  decoder 
circuits.  All  other  pulse  codes,  even  though  on  channel,  are 
rejected  at  this  point.  When  a  legitimate  code  is  present,  the 
decoder  output  turns  on  the  reply  gate  and  enables  the  detected 
wide  band  pulse  output  of  the  surface  wave  delay  line  to  pass 
onto  the  decision  threshold  circuit. 

The  decision  threshold  circuit  is  functionally  similar  to  that 
described  in  section  l.l.l.l.G.4.a  of  this  report.  However,  this 
circuit  uses  a  fixed  threshold,  set  about  7  dB  above  the  noise. 

When  the  threshold  is  crossed,  the  coder  is  initiated  to  supply 
a  properly  coded  pulse  pair  to  the  modulator  and  transmitter .  In 
addition,  the  decision  threshold  output  is  fed  to  the  squitter  killer, 
reply  counter,  and  d-  ad  time  generator. 

In  the  absence  of  received  interrogations,  the  squitter  generator 
supplies  random  pulses,  at  a  maximum  average  prf,  to  airborne 
interrogator  receivers  within  the  range  of  the  transponder.  As 
the  traffic  density  increases,  the  reply  counter  adjusts  the  average 
prf  of  the  squitter  generator  from  a  maximum  at  zero  received 
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interrogation,  down  to  a  minimum  during  periods  of  high  traffic 
densities.  The  squitter  killer  also  receives  an  input  directly 
from  the  threshold  decision  circuit.  This  input  stops  the 
operation  of  the  squitter  generator  during  the  time  interval 
that  a  reply  is  being  transmitted. 

A  dead  time  generator  is  employed  to  further  reduce  the  possibility 
of  false  decode  due  to  echos  after  the  reception  of  a  legitimate 
pulse  pair.  The  dead  time  generator  is  initiated  by  the  output 
of  the  decision  threshold.  The  output  of  the  dead  time 
generator  is  used  to  disable  the  video  processing  ckts  immedi¬ 
ately  following  the  reception  of  a  legitimate  pulse  pair  and, 
for  a  predetermined  length  of  time  following  the  second  pulse 
of  the  pulse  code. 

5.  Solid  State  Possibilities  for  DME  Implementation 

The  hardware  approach  to  the  prototype  model  of  the  DME  equip¬ 
ment  will  be  different  than  that  of  the  feasibility  model  in 
the  areas  of  interrogator  transmitter  and  transponder  low  noise 
front  end.  A  possibility  also  exists  that  the  transponder 
transmitter  will  be  different  for  the  prototype  model. 

a.  Interrogator  Transmitter 

A  minimum  interrogator  power  of  50  watts  peak  output  has  been 
calculated  to  produce  a  signal -to-noise  ratio  of  13  dB  at  the 
transponder  for  a  range  of  30  nautical  miles  and  a  10.0  db  trans¬ 
ponder  noise  figure.  The  calculation  takes  into  account  antenna 
gains  and  all  losses  due  to  circulators  and  cables  in  the 
interrogator-transponder  system.  The  interrogator  transmitter 
for  the  feasability  model  will  be  designed  using  planar  ceramic 
triodes.  Triode  tube  technology  has  advanced  to  a  point  where  a 
peak  power  output  of  1  KW  is  possible  at  frequencies  up  to  6  GHz. 
The  operating  life  of  these  devices  are,  however,  restricted  to 
approximately  500  nours  for  a  1  KW  amplifier  operating  at  a  0.5 
percent  duty  cycle.  Increased  operating  life  time,  up  to  1500 
hours,  is  to  be  expected  when  the  power  output  and  duty  cycle 
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arc  reduced  to  100  watts  peak  and  0.01  percent  respectively. 

Power  output  specification  for  the  feasibility  interrogator 
transmitter  is  set  at  100  W  +3dB  peak  output  power.  This 
excess  power  over  the  calculated  minimum  50  watts  peak  power  is 
required  to  handle  contingencies  such  as  reduced  output  due  to 
early  tube  degradation,  unanticipated  losses,  etc,  that  may  occur 
during  the  feasibility  tests.  A  more  realistic  specification 
for  the  prototype  model,  based  on  significantly  increased  life 
expectancy  for  solid  state  devices,  will  be  60  W  +1.5dB. 

two  types,  of  solid  state  transmitters,  capable  of  generating  601.' 

+  1 . 5ui)  peak  power  at  a  0.01  percent  duty  cycle,  are  being 
considered  for  the  prototype  interrogator  transmitter  to  replace 
the  planar  ceramic  triodes.  They  are  the  transistorized  output 
amplifier  and  the  TRAPATT  diode  output  amplifier. 

The  use  of  either  approach  represents  a  significant  increase  in 
the  operating  life  and  reliability  over  that  of  a  planar  ceramic 
triode.  Microwave  Semiconductor  Corporation  (MSC)  is  presently 
developing  a  transistor  capable  of  providing  a  10  watt  peak  power 
output  with  6dB  gain  over  the  interrogator  transmitter  band. 

This  transistor  will  be  available  during  the  last  quarter  of  1972 
or  the  first  quarter  of  1973.  Two  sets  of  four  of  these 
transistors  in  parallel  may  be  combined  through  a  hybrid  junction 
to  provide  the  required  peak  power  output.  This  approach  has 
been  successfully  demonstrated  by  a  Hazeltine  in-house  program 
designed  to  produce  500  watts  of  peak  power  at  "L"  band.  Six 
MSC1100  transistors,  each  capable  of  100  watts  peak  output  power, 
were  paralleled  to  produce  a  combined  output  of  500  watts  peak 
power. 

The  second  approach,  TRAPATT  diodes,  is  presently  capable  of 
providing  50  watts  peak  output  power  with  6dB  gain.  RCA  has  in¬ 
dicated  that  a  TRAPATT  amplifier  capable  of  producing  100  watts  peak 
output  power  with  10db  gain  can  be  available  prior  to  the  pro¬ 
totype  phase.  The  state-of-the-art  in  these  devices  has  progressed 
to  the  point  where  noise,  jitter,  and  repeatability  are  no  longer 
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problems.  The  primary  advantage  of  these  amplifiers  over 
transistor  amplifiers  are  their  ability  to  handle  greater  peak 
powers  in  a  single  device.  This  means  greater  circuit  simplicity 
and  therefore,  ultimately  lower  cost. 

b.  Transponder  Low  Noise  Front  End  Amplifier 

The  transponder  receiver  feasability  model  will  employ  a  tunnel 
diode  amplifier  with  a  4 . 5dB  noise  figure  as  the  low  noise  f^ont 
>nd  amplifier.  A  low  noise  transponder  front  end  approach  was 
selected  in  order  to  reduce  the  required  airborne  transmitter 
power  and  hence,  to  reduce  the  cost  and  increase  the  reliability 
of  the  interrogator  for  the  user.  A  further  reduction  in  noise 
figure  for  the  prototype  transponder  is  anticiapted  by  taking 
advantage  of  recent  developments  in  Gallium  Arsenide  field  effect 
trar-  :  (Refer  to  the  April  1972  edition  of  "MICROWAVES''). 

Sever-  ompanies  have  announced  the  development  of  Gallium  Ar¬ 
senide  fieLd  effect  transistor  capable  of  noise  figures  with  less 
than  3.5  db  at  5GH2.  Several  companies,  Hewlett  Packard  and 
Watkins  Johnson,  plan  to  introduce  Gallium  Arsenide  FET's  with 
less  than  3db  noise  figure  at  8GHz  during  1973.  Fairchild 
Corporation  is  presently  marketing  a  device,  MT9001,  capable  of 
providing  a  3.5db  noise  figure  with  9dB  gain  at  5GHz.  Although 
these  devices  are  presently  expensive,  it  is  anticipated  that 
with  demand  the  price  will  drop  to  a  point  where  they  will  be 
highly  competative  with  tunnel  diode  and  parametric  amplifiers. 
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c.  Transponder  Transmitter 

A  minimum  of  200  watts  peak  power  has  been  calculated  for  the 
transponder  transmitter  in  order  to  produce  a  13  db  signal  to 
noise  ratio  at  the  interrogator  receiver  for  a  30  nautical 
rile  range.  This  calculation  includes  a  14.5dfc  interrogator 
noise  figure,  cable  and  circulator  losses  and  antenna  gain', . 

The  approach  for  the  feasibility  model  and,  tentatively  for  the 
prototype  model,  iu  based  on  the  use  of  planar  ceramic  triodes. 
However,  the  use  of  a  TRAPATT  amplifier  will  be  thoroughly 
investigated  during  the  feasibiility  phase.  Recent  results  in 
this  field  have  indicated  that  TRAPATT  diodes  can  be  operated 
in  a  series  stack  (housed  in  a  IN23  diode  type  cartridge)  to 
obtain  greater  power  output.  An  output  power  of  200  watts  peak 
power  does  not  represent  the  upper  limit  of  these  devices.  It  is 
therefore  essential  that  this  approach  be  investigated  for 
possible  use  in  the  prototype  since  the  operating  life  and 
reliability  of  the  transponder  transmitter  would  be  greatly 
increased  with  a  corre -ponding  decrease  in  operating  costs. 
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6.  Additional  DME  Supporting  Analyses 

a.  Variation  in  the  Fhase  of  Leadi  ig<-Edge  Echoes 
as  the  A/C  Approaches  the  Landing  Strip 

The  purpose  of  this  Analysis  is  to  show  that  the  echoes  that  are 
received  during  the  leading  edge  of  the  direct  pulse  do  not  vary 
sufficiently  pulse-to-pulse  to  allow  averaging  to  be  utilized  to 
reduce  errors  due  to  such  echoes. 


A  plane  (P)  receives  signals  from  beacon  (3)  at  a  distance  (x) . 

He  also  receives  an  echo  from  (E)  at  a  distance  (e)  from  B  and  an 
angle  (0)  from  the  beacon.  The  echo  travels  a  distance  y  +  e  and 
lags  behind  the  desired  signal  by  6  ~  y  +  e  -  x,  or 

£  -  £  x*  +  y2  -  2 xe  cos  ej*5  t  e  -  x  (1) 

As  the  plane  travels  toward  the  beacon,  the  rate  of  change  of  (6) 
with  respect  to  (x)  is: 

=  [x  -  a  cos  e]  |>2  +  e2  -  2xe  cos  ij  ^  -  1  (2) 

The  angle  (e)  for  which  dd/dx  is  a  maximum  is  determined  from 
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i-  =  e  sin  9  [x2  +  'e2  -  2xe  cos  e]  _>s 

-  -*i  2xe  sin  6  f:*.  -  e  cos  e]  [x2  +  e2  -  2xe  cos  ej  3//2  =  0 
factoring: 

e  sin  e[x2  +  e2  -  2xe  cos  ej^jl-xfx-e  cos  e] 

[x2  +  e2  -  2xe  cos  9  *  0 

x2  -  xe  cos  e  _  ,  A  <4) 

— - s  i.u 

x  +  e  -  2xe  cos  6 

0  2  2 
x  -  xe  cos  e  =  x  +  e  -  2xe  cos  6 

cos  e  =  e/x 

This  means  that  the  maximum  rate  of  change  occurs  at  a  changing 
angle  and  that  $  =  90°  (see  sketch  2  below) . 

Substitute  cos  6  *  e/x  (4)  in  (2) 


«  f.x  -  e  -  e/x]  [x2  +  e2  -  2xe  (e/x)]->s  -  1 

-  [*?  -  e2]-11  -1 

•if 

=  e/x[(x/e)2  -  l]1*  -  1 

~  e''x[(|  "fe)2]15  “  1  “  e/X[  e  "  fc]  "  1 

v^l  -  h  (e/x)2  -  1  *  (e/x)2 

2 

d6  a  ->j  (e/x)  dx 


Let  Ux  be  the  distance  covered  between  interrogations 
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if  v  is  in  ft/sec;  X  =  0.2  ft  so  that 


dx 


d  6 

0.2 


"*5  (5)  (e/x)2  ^  «  -2.5  |  (a/x)2 


(7) 


The  maximum  value  of  e  is  the  distance  travelled  by  the  echo  from 

P 

the  start  of  the  pulse  at  t  =  0  to  the  decision  level  say  at  at 
T/4;  and  T  =  0.48us  or  e  =  x  1,000  =  120' 

When  landing,  a  plane  travels  at  about  250'/sec;  let  q  =  15,  then 


d>.  = 

-2.5  x  x  1202/x2 

= 

<;  2 

6  x  10V* 

V (f t/s) 

250 

250 

125 

e  ( ft) 

12u 

120 

120 

x(ft) 

12,000 

6,000 

3,000 

e/x 

0.01 

0.02 

0.04 

6  (deg) 

4 

89° 

87.5° 

dX  (A) 

0.0042 

0.017 

0.033 

We  see  from  this  that  the  phase  difference  between  a  direct  signal 
and  an  echo  doss  not  vary  significantly  at  normal  landing  distances 
and  speeds.  Therefore,  the  amplitude  of  the  error  it  introduces 
in  the  distance  measurement  does  not  vary  randomly. 


The  angle  for  maximum  delay  variation  with  x  varies  so  that  cos  0 
--  e/x,  which  means  that  the  =  90°. 
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i  .  Analysis  of  Error  Sources  in  the  Transponder 

This  Analysis  derives  the  errors  due  to  thermal  noise,  decision 
level  uncertainty,  and  the  leading  edge/ fixed  threshold  technique 
of  measurement  proposed  for  use  in  th'  Transponder. 

(1)  Let  (Ep)  be  the  detected  peak  video  signal  at  the 
maximum  distance  of  30  n.ir.i.  Its  rms  value  is 

Es  =  If  ep  (1) 

The  signal/noise  voltage  ratio  is 


=2-  =  \/S/N  ,  so  that 

n 


4  x  ^  -vSTS 


s6  -  y2s?S 


E„  -  1Ep 

(2)  Let  the  "decision  level"  (Ed)  be  set  at  the 

fixed  value  E  .  =  aE  and  let  the  instrumentation  error  be  AE./E. 

a  p  a  a 

±0.1,  then  E^  =  tQ.lE^  =  ±0.1aEp 

(3)  Since  E  and  AE,  are  random  and  uncorrelated, 

n  d 

the  "effective  noise- voltage"  is: 


An  (A Ed)2  +  Er2  *  Ep^Jo.01a2  +  N/2S 

Let  a  =  0.5  and  S/N  (at  30  n.mi.)  =  13db,  N/2S  =  0.025 
An  =  ±  /oToi  x  0.25  +  0.025*=  0.0275  =  ±0.11Z 
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1 


x 


The  effective  (a/N)e  is  then  obtained  from: 


E  =  An  =  YN/2S  E 
n  v  p 

(S/N)  =  12.6  db 
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from  which: 


2rtd  .  /ad  , 
sin  —  =  tx/YS  2 


let  a  =  0.5: 


(2ntd\  /' 


d  ,  d 

2  To 


so  that 


Sd  30  jd~  d  1  _ 

^0  ^ 


/F- 1 


(5)  The  total  output  of  the  receiver,  including 


noise,  is 


1  -  r  EP  [l  - cos  ¥]*  °- 


(6)  e,  reaches  the  decision-level  E.  =  aE  at  t  =  t 
i  ape 


according  to: 

Ed =  aEP  =  ar  Ep 


£l  -  cos  2  n  t/T  J  i  0. 


Cancelling  the  common  factor  (E^)  and  rearranging 


0  =  2w  td/T  =  cos 


t ,  =  *—  COB 
d  2n 


1  ^1  -  (u  t  0.17) 

OS_1  £  1  -  (at  0.17)  wi 

COS-1  £l  -  (a  1  0.17)  ft. 


The  rf  pulse  rising  in  tQ  =  O.Iub  is  broadened  to  0.14ps  by  a 
BW  =  7.0  MHz. 


Let  a  =  0.5,  then 

*6  ■  tF  cos'1  fl  -  <°-5  *  «•”>  15 
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Table  8-6  below  lists  the  bias  and  random  errors  as  a  function  of 
distance.  Also  listed  is  the  bias  error  when  a  40  foot  correction 
is  applied.  Note  that  a  simple  bias  correction  is  very  effective. 

The  curves  of  figure  8-48  show  the  bias  error  as  a  function  of  (d) 
and  for  a  ±6db  variation  in  received  power. 

Note  that  as  shown  in  part  a  of  the  figure. 

If  40'  is  added  to  the  reading,  the  bias  error  is  <  20'  from  0  to 
15  nmi  for  the  calibrated  voltage  E;  from  0  to  7  nmi  for  -6db 
below  the  calibrated  power,  and  for  +6db  the  bias  error  never 
exceeds  20  ft. 

And  ac  shown  in  part  b: 

If  the  linear  dynamic  correction  is  applied  for  the  nominal  value 
of  received  voltage  at  30  nmi  then  up  to  15  nni ,  a  decrease  of 
6db  will  produce  a  bias  error  of  <  20'  and  an  increase  of  6db 
will  produce  a  bias  error  of  <  +12'. 

Table  8-6.  BIAS  AND  RANDOM  ERRORS  AS  A  FUNCTION  OF  DISTANCE 


d 

bias  error 

noise  error 

bias  error 

(nmi) 

(ft) 

(ft) 

(ft) 

1.5 

47.5 

±2.0 

+7.5  ft. 

3.  C 

42.5 

±3.0 

+  2.5 

5.0 

37.5 

±4.0 

-2.5 

7.5 

32.5 

±5.0 

-7.5 

10.0 

20.0 

±6.2 

-12.0 

15.0 

20.0 

±7.5 

-20.0 

30.0 

0.0 

±15.0 

-40.0 
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c.  Analysis  of  Noise-Jitter  with  Decision  Level  Set  at 
Constant-Fraction  of  Peak  Amplitude 

The  purpose  of  this  analysis  is  to  derive  the  errors  due  to  noise 
for  the  case  where  the  leading  edge  is  applied  to  a  threshold  that 
is  set  at  a  fixed  percentage  of  the  peak  amplitude  of  the  received 
pulse.  There  are  no  bias  errors  in  this  type  of  range  measure¬ 
ment  except  when  echoes  affect  the  pulse  amplitude. 

(1)  The  leading  edge  of  the  pulse  is  described  by 
the  video  detected  signal,  as: 

E  l 

ct  =  [l  -  CCS  2nt/Tj  (1) 

It  is  assumed  that  there  is  no  distortion  of  the  pulse  during  the 
amplification  and  detection  process  so  that  a  decision  level  which 
is  a  constant  fraction  of  the  peak-level,  no  matte**  what  the  value 
of  the  peak,  is  reached  at  a  constant  time. 

(2)  The  rms  value  of  the  signal  is  Eg  -vj  Ep 

(3)  The  voltage  "signal-to-noise"  ratio  is 


n 

The  noise-voltage  is  then 

En  =  y N/S  E_  =  x/':/2S  Ep  (2) 

Let  Efi  be  the  noise  at  30  n.mi.  If  age  is  used,  and  Ep  is  nearly 
constant, 

En  =  +  Ep  /N/2S  at  d  n.mi.  (3) 

Assume  9/N  =  13db  *  20  at  30  n.mi.;  then 
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(4)  Let  the  decision-level  be  E.  =  aE_  and  let  the 

d  p 

jitter  in  measuring  the  instant  when  is  reached  by  AE^/E^  = 
±0.1,  so  that 


AE,  =  ±  0.1  E,  =  ±  0.1  aE 
da  p 

(5)  Since  En  and  Ed 

"effective  noise"  is  given  by 

An  =  y(AEd)2  +  (En)2 

=  J(Q.la)2  +  l^,2  Ep 

"  4  °*1  Ep  /q2  + 


are  random  and  uncorrelated  the 

(6) 

(7) 


The  total  output  voltage  is  then 
2nt 


1  -  cos 


i  An 


et  reaches  the  "decision-level"  E^  at 


E .  =  oE  =  ~£- 
d  p  2 


1  -  cos 


2irtd 


±  0.1  E. 


cancelling  Ep  and  rearranging: 
t^  =  cos'*  1  -  2a  ±  0 


•2a/“ 


2  ,  d  2 
+  27 


(8) 

time  t^  in  accordance  with 

V “2  +(?i)2  «»» 


(10) 


(6)  Let  a  =  0.25;  d  =  30  n.mi.;  then 

E. 

E .  =  0.25  E  and  An  =  0.152  E  ,  and  *  1.64  *  4.3db 
dp  p'  An 

(7)  Table  8-7  gives  the  values  of  t^  in  ys  and  ft. 
for  different  values  of  (d) .  The  values  in  feet  represent  a 
fixed  bias  (x)  ±  a  noise  jitter  (±  Ax) . 
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Table  8-7.  BIAS  AMD  RANDOM  ERRORS  AS  A  FUNCTION 
OF  DISTANCE  (CONSTANT  FRACTION  THRESHOLD) 


E,  =  0.25E 
d  p 


d (n.mi. ) 

t  i 

AtU) 

x  ± 

Ax  (ft. ) 

30 

0.080 

i  0.028 

40.0 

± 

14.0 

20 

0.080 

±  0.019 

40.0 

± 

9.5 

10 

0.080 

±  0.010 

40.0 

t 

5.0 

5 

0.080 

i  0.007 

40.0 

± 

3.5 

4 

0.080 

i  0.006 

40.0 

± 

3.0 

2 

0.080 

i  0.005 

40.0 

± 

2.5 

(The  fixed  distance  bias  of  0.08ys  =  40  ft.) 
can  be  calibrated  out 

( 

d.  Derivation  of  Maximum  Accelerations 

The  purpose  of  this  analysis  is  to  derive  the  values  of  acceler¬ 
ation  accompanying  landing  maneuvers. 

The  following  accelerations  are  considered: 

a.  From  touchdown  to  complete  stop,  or  short  take-off 

b.  At  s .art  of  Standard-Rate  turn 

c.  On  Missed-Approach 

(1)  From  Touchdown  to  Complete  Stop 

Modern  a/c  land  at  a  maximum  speed  of  150  KTs  *  250'/sec.  In 
an  emergency,  they  could  stop  in  3,000  ft. 

The  average  velocity  from  touchdown  to  stop  is  (v)  =250/ 2=125 ' /sec. 

The  time  required  to  stop  is  3,000/125  =  24  sec.  The  deceler- 

2 

ation  is  then  250/24  =  10.4  V3ec  .  The  same  applies  for  take-off. 
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(2)  Standard-Rate  Turn 

A  standard  rate  turn  is  done  at  an  angular  velocity  of  u>  =  3°/sec 
=  it/60  rad/sec. 


_ _  f 

A  -  CL  ~  B 

Referring  to  the  diagram: 

An  a/c  at  A  makes  a  SRT  to  B.  Its  linear  velocity  is  v  =  wd/2. 

When  at  A,  the  acceleration  toward  B  is  a  maximum  and  is  equal  to 
.2  2 » 


w  =  Tt/60  rad/sec,  w2  *  0.00275  rad2/sec4 


d 

V 

V 

a 

ft 

KTs 

ft/sec 

ft/sec 

16,000 

250* 

420 

12.4 

32,000 

500 

835 

22.0 

64,000 

1,000 

1,667 

44.0 

•Maximum  velocity  below  10,000  ft. 

(3) 

Missed  Approach 

2 

a  =  v  /h,  where 

h  is  the  slant  range  to  the  a/c. 

For  v  *  150  KTs 

*  2S0'/aec: 

h  100  KTs 

I  500 1 /sec ,  1,000 

ft. 

a  625  KTs 

I  125’/Bec,  62.5 

ft/sec2 
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e.  Averaging  of  Distance  Measurements 

The  purpose  of  this  analysis  is  to  derive  the  effects  of  averag¬ 
ing  of  distance  measurements  on  accuracy  for  an  aircraft  in 
motion,  including  accelerations. 


At  time  (t^)  let  an  a/c  be  at  a  distance  (xQ)  from  the  beacon, 
which  it  approaches  with  a  velocity  (v)  and  a  deceleration (a) . 

Let  the  period  between  interrogations  be  (T) .  The  measurement  of 
distance  is  made  with  an  error  i  ox: 

The  1st  measurement  at  t^  results  in:  x^  =  xq  -  v  1 0T  j  +  1°)  ±  r 

The  2nd  measurement  at  t^+T  results  in:  x^  =  xq  -  v  j  1.0T  j  + 


aT 


2 


~T~ 


t  a 


2 


The  3rd  measurement  at  t^+2T  results  in:  x^  =  xq  -  v  2.QT  + 


aT* 

~T 


The  nth  measurement  at  t,+(n-l)T  results  in:  x  *  x  -  v  (n-l)T  + 

i  n  o  j 


aT 


1  o 


j(n-l)  2] 

The  sum  of  the  (n)  measurements  is: 


n  n(n-l) 

V'  x  =  nx  -  — *■* — 
'no  2 


vt  + 


uT 


The  average  of  the  (n)  measurements  is: 

-  v  n-1  aT2  _1 

X  =  -  y  x_  =  xo  vt  + 


“  H  \  *n  " 


i=n-l  .2 

L 

i=l 


i  t  Jn 


i2  i  o 


x^ 


The  random  error  is  dtscreased  from  i  o x  to  i  ox/ j  n.  However,  a 
bias  error  is  introduced  because  the  average  of  the  n  measurements 
gives  the  range  for  the  time  of  the  measurement  (neglecting 
acceleration  effects)  and  not  for  the  last  (nth)  measurement.  To 
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update  the  average  of  n  measurements  so  that  it  corresponds  to 
the  range  at  the  time  of  the  nth  measurement,  we  can  identify 
the  correction  needed  as  follows: 


True  range  at  the  nth  measurement  is:  x  -  v  (n-1)  T  +  [n-l] 


Average  value  of  x  at  the  nth  raeas.  is:  x  -  v  t  + 

o  2  2n 


Z  i 
i=l 

Corrections  needed,  Ax,  =  -  v  T  +  Hy-  £(n-l)2  -  i  i2J 

Substituting  Typical  Values  of  corrections  needed  (see  Section  F.4 
for  values  of  acceleration  (a) : 

(1)  From  Touchdown  to  Stop  or  Quick  Take-Off 

v  =  250  '/sec;  a  =  lO'./sec2;  T  =  1/15  sec;  n  *  5.0 

True  R:  xn  =  xq  -  250  (5-1) /J.5  +  2  [5-lJ2  -  x  -  66.6  +  0. 36  ft 


Av.  R:  x  =  xo  -  250  (5-1)  /2xl5  + 


2(^|)  =  x  -  33.3  +  0.24  ft. 


Correction  needed.  Ax  =  -  250  +  IxIT2  £(5_i)2  ~  =  “ 

+  0.12  ft. 


(2)  Standard-Rate  Turn 

v  -  1,000  KTs  =  1, 667 '/sec,  a  -  45'/sec2,  T  -  1/15  sec,  n  -  5 
xn  =  xQ  -  1,667  [5-l]/15  +  5JI32  (5-1) 2  -  xq  -  444  +  1.6  ft. 
x  =  xQ  -  1,667  [5-1J/2X15  +  ^2  ^  «  xq  -  222  +  0.6  ft. 

Ax  -  -  1,667  [5-l]  /2xl5  -r  2^II2  (5-1)  2  -  6  *  -  222  +  1.0  ft. 
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(3)  On  Missed-Approach 

(a)  v  =  150  KTs  =  250’/sec,  alt.  =  100’, 
a  =  625'/sec2 

T  =  1/15  sec,  n  =  5 

/roc  o 

xn  -  xo  -  250  (5-D/15  +2^1 2  (5-1)  =  xq  -  66.6  +  22.2  ft. 
x  =  xq  -  250  ( 5-1) /2xl5  +  jlfl2  ^  *  xo  ~  33,3  4  8,4  ft‘ 

Ax  =  250  (5-1) /2xl5  +  625(16-6)  =  33.3  +  13.8  ft. 

(b)  v  =  150  KTs  =  250 '/sec;  h  =  500';  a  =  125'/ 
sec2/;T  -  l/15s;  n  =  5 

xn  =  xq  -  250  (5-l)/15  +  (5-1)  2  =  xq  -  66.6  +  4.4  ft. 

v  =  X  -  33.3  +  1.7  ft. 
o 

Ax  =  33.3  +  2.7  ft. 

The  effect  of  acceleration  is  in  the  last  number  of  the  values 
for  xn'  x'  arK*  ^ x ^  ’  We  see  t^iat  is  negligible,  except  perhaps 
for  a  low  missed-approach  at  150  KTs  and  only  100'  above  the 
beacon.  In  this  worst  case,  neglecting  the  effect  of  acceleration 
in  the  range  correction  would  introduce  an  error  of  13.8'  in  100’. 
For  all  other  cases,  we  can  safely  neglect  the  acceleration  in 
correcting  for  the  bias  error  introduced  by  "averaging".  This  is 
because  a  fresh  measurement  is  made  at  each  interrogation  and  the 
acceleration  affects  only  the  measurement  between  interrogations. 

(4)  Correcting  the  Lag  due  to  Averaging 
Neglecting  the  effect  of  acceleration,  the  needed  correction,  is 
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Section  1 . 1 . 1 .G. 2 .0  snows  how  velocity  (v)  can  be  measured  to 

□v  =  ±  lQ'/sec  in  1.3  sec  with  q  =  15  int./suc.  Multiplying  the 

value  of  v  by  x  to  obtain  th  >  correction  Ax  =  -  v  + 

(n-1)  T  0  2 

2  T  °v» 

the  corrected  range  is 


x  +  ax  =  x  =  x„  -  v 
n  o 


+  —  -  vly"-i.  t  ±  -n  f 1  ^  T  o 

4  r  A  2  v 

\jn 


x  -  x  -v  (n-1)  T  ±  °x 


^  +  °v2  (  W  ^ 


Substituting  20.5  ft.  for  c  ,  10  ft/sec  for  oy,  1/15  sec  for  T, 
and  5  for  n: 


x  •-  x  -  v  n-1  T  +  9.3  ft. 
no  |  I 

x  if  then  the  distance  at  the  last  measurement.  It  is  in  error  by 
±  f< .  3 '  . 

In  order  not  to  increase  graininess  it  is  desirable  that  the 
successive  averages  are  interlaced,  as  indicated  below,  rather 
than  sequential.  Interlaced  averaging  results  in  an  averaged 
value  being  available  for  every  interrogation. 

Interlaced  A-  raging  refers  to  the  continuous  availability  of  the 
average  of  \  last  5  measurements: 


1  +  2+-3  +  4  +  5 


(.corrected  for  5th  meas.) 


+  3  +  4  +  5  +  6 


(corrected  for  6th  meas.) 


3  +  4  +  5  >6+7 


(corrected  for  7th  meas.)  etc. 


Sequential  Averaging  refers  to  the  availability  of  the  average 
value  every  knth  measurement  (where  k  is  a  successive  integer) : 


1  +  2  +  3  +  4---5 


(corrected  for  5th  meas.)  (k  =  1) 
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—  ----- — — - - —  (corrected  for  10th  teas.)  (k  =  2) 

The  advantage  of  interlaced  averaging  in  reducing  graininess  and 
providing  smoothness  is  obvious. 
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i. 1.1.2  Func^.onal  Requirements  and  Signal  Format  Studies 
A.  Functional  Requirements 
1.  Background 
a.  General 

As  part  of  its  Five  Year  Plan,  Hazeltine  initiated  during  TACD  a 
comprehensive  review  and  refinement  of  the  Functional  Requirements 
for  MLS.  Using  as  a  starting  point  the  original  SC-117  require¬ 
ment,  Hazeltine,  with  the  assistance  of  expert  subcontractors, 
reviewed  and  updated  descriptions  of  user  needs,  operational  re¬ 
quirements  and  the  various  elements  of  functional  requirements 
(services,  coverage,  accuracy,  etc),  to  which  the  MLS  is  to  be 
designed.  This  section  presents  the  approach,  the  analyses  per¬ 
formed  and  the  results  as  they  stood  at  the  end  of  TACD. 

Development  and  specification  of  the  MLS  functional  requirements 
is  a  complex  problem  because  they  are  derived  from  operational 
requirements  of  the  many  different  types  and  classes  of  antici¬ 
pated  aviation  users  and  because  they  depend  to  some  degree  on 
the  constraints  resulting  from  the  characteristics  of  possible 
guidance  techniques. 

It  was  recognized  at  the  outset  and  confirmed  by  experience  that 
on  many  of  the  issues  explored,  there  was  neither  a  consensus 
among  the  aviation  community  nor  agreement  on  all  the  "facts." 
Furthermore,  the  user  ^  mmunities  are  planning  to  invest  consid¬ 
erable  effort  in  exploring  and  defining  the  ways  in  which  future 
operations  will  be  affected  by  newly  available  MLS  technology, 
Hazeltine,  therefore,  envisions  a  continuing  need  to  interact  with 
user  requirements,  and  to  revise  system  design  goals  and  features 
accordingly,  and  we  plan  to  resume  this  work  during  Phase  II  as 
part  of  the  Prototype  Planning  effort. 
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b.  Scope  of  Effort 

The  SC-117-generated  functional  requirements  (Reference  1)  pro¬ 
vided  the  basis  for  the  analysis  and  refinement  during  TACD.  The 
procedure  for  developing  functional  requirements  followed  by  SC-117 
(and  subsequently.  Haze] tine)  was  in  summary: 

(1)  Identification  of  aviation  needs  in  the  terminal 
area  (i.e.,  increased  airport  capacity,  all- 
weather  landing,  etc)  for  all  classes  of  users, 
and  grouping  these  needs  for  convenient  class i- 
f icat ion. 

(2)  Identification  of  required  flight  operations,  or 
operational  requirements,  to  meat  the  identified 
needs  (curved  path  approaches,  selectable  glide 
s  lopes ,  etc)  . 

(3)  Identification  of  functional  requirements  to 
provide  these  operations  for  a  number  of  airport 
"configurations"  lettered  B,  D,  E,  F,  G,  I,  K. 

Work  by  Hazeltine  concentrated  in  the  following  area: 

•  Areas,  such  as  specified  accuracy  over  the 
coverage  volume,  which  were  incompletely 
specified  in  SC-117. 

•  Areas  in  which  there  was  need  for  further 
verification  of  requirements,  such  as  data 
rate  and  noise  specifications. 

•  User  applications,  such  as  Navy  Carrier  Land¬ 
ings  and  remote  battlefield  systems  for  which 
the  SC-117  system  (letter)  designations  fit 
rather  loosely. 

•  Areas,  such  as  the  application  of  elevation 
guidance  data  to  altimetry,  which  have  sig¬ 
nificant  impact  on  important  overall  system 
trades . 

•  Areas  which  serve  to  bound  the  capabilities 
required  of  the  selected  MLS  techniques  and 
which  must  be  explored  by  experiment  and 
analysis  during  TACD. 
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c.  General  Approach 

The  method  vised  to  derive  the  detailed  functional  requirements 
(and  to  be  used  in  future  MLS  program  phases  to  further  refine 
these  requirements)  is  as  follows . 

(1)  Identify,  list  and  classify:  user  needs, 
operations  to  meet  needs,  and  functional  re¬ 
quirements  to  provide  indicated  operations. 

(2)  Determine  quantitative  relationships  between 
needs ,  operations  and  requirements  by  use  of 
existing  documentat 1  on  end  analyses  (e.g., 

SC-117)  and  by  further  technical  analysis. 

(3)  Identify  factors  which  limit  or  control  par¬ 
ticular  requirements  to  permit  rapid  and  sig¬ 
nificant  assessment  of  any  proposed  changes, 
clarification  or  definition. 

(4)  Maintain  updated  statement  of  functional  re¬ 
quirements  to  serve  as  the  basrs  for  system 
and  subsystem  design,  rn  a  form  convenient  for 
referral  and  further  refinement. 

The  terms  aviation  needs,  operational  requirements,  and  functional 
requirements  are  vised  with  the  following  meanings:  Aviation  needs 
are  the  general  needs  of  airports,  aircraft,  and  ATC.  Operational 
requirements  define  the  operational  and  safety  procedures,  and 
operational  configurations  required  to  meet  those  needs.  Func¬ 
tional  requirements  are  the  technical,  for  the  most  part  quantified, 
parameters  associated  with  meeting  the  operational  requirements. 

These  consisted  of: 

•  functional  services  required  of  the  system 

•  system  accuracy  requirements 

•  noise  and  data  rate  requirements,  which  are 
interrelated 

•  required  coverage  volumes 

•  coordinate  system 
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e  requirements  relating  to  system  integrity, 
such  as  allowable  outage  time 
•  auxiliary  data  requirements 

d.  Participation  by  Subcontractors 

nazeltine  was  assisted  very  materially  in  its  preparation  of 
revised  requirements  by  frequent  consultation  and  review  by 
technical  and  operational  experts  on  the  staff  of  our  subcon¬ 
tractors.  Areas  of  concentration  of  each  of  the  participating 
subcontractors  are  indicated  in  Table  9-1. 

2.  Methodology 

The  overall  methodology  foi  the  Phase  I  requirements  study  is 
indicated  in  figure  9-1.  As  shown  in  the  figure,  the  process 
was  an  iterative  one  based  on  reviews  by  subcontractors  in  their 
respective  field  of  expertise.  The  tasks  are  described  briefly 
below.  Detailed  descriptions  and  results  of  study  efforts  are 
given  in  the.  sections  that  follow. 

a.  User  Heeds  and  Operational  Requirements 

Matrices  of  airport  and  aircraft  needs  and  requirements  were 
prepared  along  with  descriptions  of  typical  flight  operations  to 
he  expected.  The  matrices  included  flight  operation  supported 
(terminal  maneuvers  and  approaches),  required  integrity  levels, 
typical  environments,  interface  requirements  and  other  special 
requirements.  They  served  as  a  checkpoint  both  to  assure  that 
functional  services  met  requirements,  and  to  insure  compatibility 
among  the  various  avionics  and  ground  equipment  types  being 
considered  in  the  baseline  and  prototype  design  efforts.  This 
matrix  was  based  on  information  obtained  from: 

•  existing  requirements  summaries 

•  information  from  subcontrac . ors 

•  discussions  with  government  agencies 
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TABLE  9-1 

PARTICIPANTS  IN  UAZELTlNE  REQUIREMENTS  STUDY 


Subcontractor 


Area  of  Concentration 


Grumman  Aerospace  Company  j  Review  of  operat  ional  and  fun  - - 

i  tional  requirements  from  tie 
viewpoint  of  military  needs  and 


Plessey  Radar 


operations . 

Review  of  functional  require 
raoit  s  from  the  viewpoint  o' 
non-U. S.  users  and  operators 


Review  with  respect  tc  onatimj 
work  by  th.e  U.k.  on  MLS  require¬ 
ments. 


3.  Sperry  Flight  Systems  Review  of  functional  require¬ 

ments  from  the  viewpoint  of  a 
supplier  ci  commercial  and 
military  for  navigation  and 
guidance  avionics. 


Assessment  of  accuracy  require¬ 
ments  with  respect  to  compat- 
ibiljiy  with  flight  control 
systems,  pilot  acceptability 
and  operational  requirements. 

Review  cf  operational  and  func¬ 
tional  requirements  from  the 
viewpo  nt  of  commercial  airline 
operators  and  pilots. 


4.  United  Air  Lines 
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b.  Functional  Services  Summary 

Based  on  the  operational  requirements  assumed,  a  summary  descrip¬ 
tion  was  prepared  of  the  functional  services  to  be  expected  of 
avionics  systems  of  various  levels  ol  sophistication  using  MLS. 
This  included: 

•  Fath  selection  provisions 

•  Guidance  output  descriptions  during  the  phases 
of  approach,  landing  and  rollout 

•  lden - x £ ica t ion ,  obstacle  warning  and  malfunction 
warning  provisions 

The  definition  or  functional  services  d< tormined  the  levels  of 
required  sophistication  for  each  user  type  Cor  both  ground  and 
airbor..^  equipments.  They  also  assisted  in  defining  the  basic 
requirements  for  the  study  of  quantitative  requirements  which 
f o  1  lowed . 

c.  Detailed  Requirements  Studies 

Studies  were  performed  of  the  detailed  quantitative  system  and 
S'<  bsystem  characteristics  required  to  provide  the  respective 
functional  services  to  all  users.  In  each  case,  the  SC-117  re¬ 
quirements  (where  existing)  were  reviewed  for  adequacy,  and 
changes  were  recommended  where  there  was  an  identifiable  need 
for  more  stringent  specifications  or  where  it  could  be  demon¬ 
strated  that  a  function  had  been  overspecified  by  SC-117  and  a 
significant  impact  could  be  made  on  system  cost  effectiveness  by 
relaxing  the  requirement.  These  latter  decisions  were  influenced 
by  the  system  tradeoff  studies  which  are  discussed  in  Section  1.1. 

Studies  of  accuracy,  data  rate  and  granularity  were  based  on: 

•  simulation  of  flight  operations 

•  analysis  of  pilot  reactions  to  simulated  guid¬ 
ance  systems  using  MLS 

•  paper  analysis  of  the  compatibility'  of  flight 
operation  with  levels  of  accuracy 

•  comparison  with  existing  systems  (ILS)  character¬ 
istics  where  applicable 
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Studies  of  coverage  requirements  were  principally  based  on  dc- 
sn  ipf ion  at  assumed  flight  operations  which  most  severely  taxed 
tlie  system  coverage  capabilities.  Special  attention  was  paid  to 
near  runway  coverage  requirements  that  were  not  completely  spelled 
rut  by  SC-117. 

The  issue  of  alternative  coordinate  systems  was  treated  as  a 
critical  technical  area  during  TACO  and  is  reported  in  detail  in 
section  1.1.1. 1,  Part  B.  The  study  conducted  did,  however, 
utilize  the  existing  descriptions  of  typical  flight  operations 
and  took  into  account  the  overall  system  accuracy  constraints 
that  were  determined  from  tlie  requ ireme.'.ts  study. 

Auxiliary  data  requirements  were  reviewed  for  completeness  from 
the  viewpoint  of  meeting  all  functional  services.  Kc-allccatior. 

.if  djia  transmission  requirements  among  the  guidance  elements  was 
also  performed. 

Other  studies  which  were  conducted  to  complete  the  requirements 
survey  and  reported  in  the  compatibility  section  were: 

m  a  survey  to  validate  the  feasibility  of  retro¬ 
fitting  MLS  into  existing  avionics  systems,  in 
order  to  assess  required  modifications  (it  any) 
and  ways  in  which  the  MLS  output  characteristics 
might  ease  possible  retrofit  problems 

•  a  survey  of  path  selection  and  display  features 
that  should  be  incorporated  in  the  avionics  to 
suit  the  respective  functional  services  require¬ 
ments 

•  a  preliminary  definition  cf  receiver  processor 
output  recommendations  for  compatibility  with 
existing  interface  requirements. 
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3.  iiiyhli.ghts  of  Study  Results 

Tiie  requirement  study  resulted  in  a  number  of  major  and  minor 
additions  and  changes  to  the  SC-117  specification.  This  sub- 
section  highlights  those  that  arc  believed  to  be  sigm ticant  m 
toms  of.  overall  system  concept  and  opeiationul  utility.  A 
lull  description  oi  the  studies  and  results  is  given  in  tno 
loll  owing  subsections  and  complete  summaries  of  operational  and 
.unctional  requirements  arc  given  in  Section  1.1.4. 

a.  Functional  Services  and  Oucrational  Requirements 

(1)  Selectable  giideslopes 

A  requirement  was  included  to  prevent  tin-  setting  oi  a  glides  lope 
wr.ich  is  inappropriate  (loo  low)  for  a  given  facility.  This  war; 
Laser!  on  consultant's  advice  that  many  commercial  operators  would 
discourage  pilot  selectable  glides  lopes  because  oi  possible  hu¬ 
man  error. 

After  review  of  existing  literature  regarding  safety  aspects  of 
category  II  landings  at  high  g  1  ides  lopes ,  it.  was  recommended  that 
the  maximum  permissible  glides  lope  under  Cat.  tt  and  ITT  condi¬ 
tions  should  be  limited  to  significantly  less  than  the  SC- 117  fig¬ 
ure  of  15c  (max) . 

(2)  Coursewidt'n  setting 

After  evaluation  of  several  techniques  for  taking  into  account 
variable  runway  lengths  in  setting  the  angular  sensitivity  of  the 
entire  guidance  system,  it  was  recommended  that  azimuth  course- 
width  be  automatically  established  in  the  receiver  at  each  run¬ 
way  based  on  received  auxiliary  data. 

b.  Accuracy  and  Data  Rate 
(1)  Angular  Bias 

A  review  of  bias  accuracy  requirements  in  terms  of  allowable 
positional  errors  during  various  phases  of  approach  ar.d  landing 
verified  the  adequacy  of  the  SC-117  bias  specification  with,  few 
exceptions.  For  installations  at  very  short  runways,  such  as 


9-9 


■v 


ins  tu  1  la  L  lolls  , 


*1 


Xoport  ]  0'  i aii 


STOI.  POL  l  s  .aid  mil  t  a  l  y  VTO  j 
aecu  racy  was  roJ  ax*'  ,  .  A  1  so  , 


the  uuimu  .h  bias 
a  i.t’sli  ll  oi  landing  s  unulalium; 


a  i.  >l  i<  im .'  l  c  i.  ] 1  \  Sp  l  rv  ,  vt  was  c.incluat-d  that  .Kicqu.tti  t  ouch. .wui 
d  i.  pc*  i  s  i  nns  at  K  ronf’iyur;  i:  ions  would  be  achieved  with  h]  ight  ly 
j.l'L  xcu  L!L-2  bias  .  In  ad  '  it  ion  aajulaL  aceur-ie  n.u  wcu:  rov  lowed 
]  1 1  ;_c  rms  oi  toi  m.uwl  a t  eu  r.d'.’iqalion  l  >:qu  nenvu  t s  oil  -  runway 
c-.-i-i  *.  t  lino.  Ib  wo.o  ou r  to.u:  Jus  ioi'i  t  hat  "3  relaxation  of  anno  la. r 
:c  i.  1  um  L  ions  in  t  ins  i uy  ion  ol  coverage  was  tolerable  on  tins 


basis  . 


( _’ )  Angel ur  tin  ana  Data  Kale 

Extensive  invest. i nation  or  coupied  approaches  and  Jatviinqs  were 
oo i '.dueled  by  analog  s  li  .i,  1  at: ion  at.  Sperry  Flight  Sys tern;.- .  These 
sluviico  explored  t :e  i  lii  els  oi  samp!  ir.-j  rale  and  noire  on  a  r  r  - 
era}  t  control  s:  ys  terns  behavior ,  pilot  reactions  and  touchdown 
uispei  si  oils  .  In  general  ,  it  wv.  s  L’on.'ii  ml  that  coupled  approach*! 
and  land i  tup.  us  i  i in  MbS  data  ami  typ •  cal  autopilots  arc  1  cos  iblo 
provided  reasonable  data  quality  requ i rements  arc  met ,  and  should 
be  acceptable  to  pilots. 


The  study  identified  a  technique  of  icceivei  output  processing 
("rate  limiting")  which  tends  to  reduce  significantly  the  affects 
of  angular  noise. 


As  a  result  of  these  investigations,  data  rate/noise  tradeoffs 
were  established  and  specific  data  rates  and  angular  noise  spee- 
1 1  icat.  ions  were  chosen  for  all  systems.  Generally,  system  data 
rates  were  increased ?  e.g.,  to  7  ana  14  Hu  for  the  K  configura¬ 
tion  and  to  10  llz  for  the  D  configuration.  At.  the  same  time, 
noise  specific  ions  were  slightly  relaxed  tor  all  car.es  except 
(1)  UL-2  noise,  where  susceptibility  of  flic  autopilot,  flare 
computations  to  noise  required  a  tighter  spec i  1  ic.it ion  and  (2) 
lower  category  facilities,  where  compatibility  with  flight  con¬ 
trol  systems  limited  the  extent  t.o  which  noise  could  be  allowed 
tc  differ  from  the  K  configuration. 
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c.  Cove  rays'; 

Major  refinements  m  coverage  requirements  included  th.c  ioi  lowing; 

(1)  Reduction  OI  azimuth  COVei.tye  requited  of  the 
El.  guidance  function  by  the  retention  ot  bar¬ 
ometric  altimetry  data  m  the  approach,  zone. 

(2)  Continuous  coverage  in  the  bach  course  over 

the  i  uriwciy  \wi.Lu  :iw  e  ui  6  i  iGuOI:  "  )  t  C-  pre-  ■ 

vide,  takeoff  guidance  and,  in  t  lie  case  of 
miss 3d  approach  to  permit  back  course  AZ  angle 
guidance  validation  he  l  ore  reliance  on  a  new 
functions.  I  clement. 
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(3)  Provision  of  accurate  proportional  elevation  ■ 

guidance  at  D  and  F  configurations  so  that 

glidenlopes  up  to  7.5°  can  be  supported. 

(4)  Refinement  of  EL-1  and  EL-2  coverage  require¬ 
ments  to  adequately  cover  the  volume  of  space 
over  the  runway  and  down  to  minimum  guidance 
altitude . 

(5)  Definition  of  coverage  requirements  for  special 
military  applications,  including  variable  azi¬ 
muth  and  elevation  coverage  cutoffs  for  portable 
systems  operating  at  unprepared  sites. 

(6)  Formulation  of  a  coverage  requirement  for 
Terminal  Area  Navigation  encompassing  360° 
azimuth  coverage  for  c-11  guidance  elements,  to 
be  included  as  a  possible  option  for  future  sys¬ 
tem  growth. 

d.  Coordinate  System 

As  a  result  of  an  intensive  study  of  alternative  coordinate  sys-  } 

terns  (Section  1.1. 1.1,  Part  B)  it  was  recommended  that  planar 
coordinates  be  retained  (as  in  SC-117)  for  all  applications  and 
guidance  elements  except  where  contraindicated.  The  one  remain¬ 
ing  application  for  conical  coordinates  is  in  u  portable  VTOL 
system  where  selectable  azimuth  approaches  appear  to  be  required. 

e.  Auxiliary  Data 

In  addition  to  the  requirements  identified  by  SC-117  and  retained 
in  the  Hazeltine  refinement,  the  roilowing  are  now  believed  to 
be  highly  desirable. 

(1)  Time  of  day  data  to  be  used  in  future  ATC 
metering  and  sequencing  schemes. 

(2)  Local  barometric  settings  to  remove  a  major 
source  of  blunder  error  in  present  barometric 
altimetry. 

) 
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(3)  Minimum  safe  glideslope  angle  for  added  integ¬ 
rity  in  the  glideslope  select  function. 

(4)  Runway  Length  for  coursewidth  selection  and 
rollout  guidance. 

Additionally  for  a  carrier  landing  system  in  which  the  flight 
path  computation  is  to  be  made  on  the  airciaft,  special  require¬ 
ments  were  identified  for  the  transmission  of  pitch,  roll,  yaw, 
and  heave  corrections  to  permit  translation  of  coordinate  systems 
and  ship's  motion  compensation  during  the  final  seconds  of  flight. 

£ .  Organization  of  Section 

The  remainder  of  the  section  is  organized  around  the  main  ele¬ 
ments  of  the  studios  performed. 

•  User  Needs  and  Operational  Requirements 

«  Functional  Service  Description 

•  Signal  Quality  Invest.igata.ons 

•  Coverage  Requirements 

•  Auxiliary  Data  Requirements 

«  Coordinate  Systems 

4,  User  Needs  and  Operational  Requirements 

Review  of  user  needs  and  operational  requirements  formed  the  first 
3tep  in  the  requirements  study  during  TACD.  The  needs  and  require¬ 
ments  descriptions  were  formulated  based  on  a  review  of  existing 
guidelines  and  other  literature  available  (Reference  1  through  5). 
They  were  subsequently  reviewed  by  exports  at  United  Air  Lines 
and  Grumman,  and  amended  acco.cd  i  ugly .  During  the  remainder  of 
the  program,  additional  information  ox re  to  light  as  a  result  of 
discussions  with  government  agencies  (NASA  on  STOL,  USAECOM  on 
Army  requirements)  and  other  work  in  the  requirements  area;  this 
information  has  been  included  in  the  recent  version. 

The  discussion  is  divided  into  sections  on  (1)  needs  of  airports, 
aircraft  operators  and  air  traffic  control,  and  (2)  the  opera¬ 
tional  requirements  envis ioned  to  satisfy  these  needs. 
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a.  User  Need° 

Three  separate  groups  of  "users"  are  identified  as  having  sets 
of  "needs"  which  presumably  MLS,  as  a  system  itself  and  as  an 
adjunct  to  other  systems,  is  to  fulfill.  These  are  airports, 
aircraft  and  air  traffic  control.  The  codified  needs  presented 
here  were  used  to  guide  the  formulation  of  operational  require¬ 
ments  and  functional  services  descriptions  which  follow. 

(1)  Airport-Related  Needs 

Airport  needs  fall  into  the  general  areas  of  extending  the  effic¬ 
iency,  capacity,  utilization  of  airport  real  estate,  and  insuring 
acceptability  and  adaptability  with  the  environment.  Relative 
importance  of  given  needs  over  others  is  a  function  of  airport 
type.  Table  9-2,  which  is  keyed  to  the  following  discussion, 
indicates  our  view  of  those  requirements  which  may  have  higher 
priority  for  each  of  several  possible  airport  applications. 

Extended  „rport  Capacity  -  It  is  desired  to  maximize  the  number 
of  flight  operations  per  hour  Cor  a  given  size  airport  utilizing 
precision  guidance  provided  by  MLS,  so  that  the  remaining  con¬ 
straint  is  merely  the  aircraft  runway  occupancy  time.  This  will 
be  accomplished  by 

•  automation  and  precision  flying  beyond  that 
a'  ailable  with  manual  or  present  instrumen¬ 
tation,  to  reduce  delays  in  arrival  at  run¬ 
way  threshold 

•  providing  for  aircraft  speed-class  sequenc¬ 
ing  patterns 

•  decreasing  separation  of  runways  to  maximize 
utilization  of  airport  real  estate 

•  reducing  runway  occupancy  time  by  employing 
high-speed  turnoffs 
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Extended  Efficiency  of  Runway  Length  -  It  is  desired  to  minimize 
runway  length  required  for  takeoffs  and  landings,  especially  at 
military  sites.  This  can  be  accomplished  by  reducing  the  thresh- 
olo-to-touchdown  for  high  performance  aircraft  with  long  flare 
paths,  which  in  turn  requires  proper  placement  of  guidance  ele¬ 
ments  or  special  glide  path  computations. 

Decreased  Noise  Environment  Near  Runways  by  Procedures  -  Both 
vertical  and  lateral  maneuvers  are  indicated  as  measures  to  be 
considered.  It  has  been  noted  by  UAL  that  under  severe  weather 
conditions  noise  abatement  requirements  might  concernably  be 
relaxed  in  order  to  preserve  flight  safety  when  no  visual  cues 
are  present. 

Decreased  Susceptibility  to  Weather  Conditions  -  Primary  in  this 
area  is  the  provision  of  Cat  II  (and  III)  MLS  at  runways  where 
ILS  has  been  unacceptable  as  a  result  of  siting  considerations. 
There  is  also  a  significant  need  for  an  inexpensive  Cat  I  version 
of  MLS  for  smaller  airports. 

Efficient  Operations  in  Hostile  and  Unprepared  Environments  -  These 
are  needs  relating  to  special  situations. 

•  avoidance  of  "forbidden  areas"  populated  by 
obstacles  to  flight  and/or  hostile  forces 
(for  military  field  installations) . 

•  avoidance  of  the  effects  of  interference  from 
both  passive  (multipath)  and  active  (EMI) 

sou  rces 

•  operation  with  limited  power  sources  (man- 
transportable  systems) 

•  rapid  installation  and  mobility  (transport¬ 
able  systems) 

•  operation  in  confined  quarters  (shipboard 
installation) 
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(2)  Aircraft-Related  Needs 

Aircraft  needs  relate  to  freedom  of  operations  (subject  to  other 
constraints),  adaptability  to  aircraft,  type  and  preservation  of 
integrity.  The  discussion  is  keyed  to  Table  9-3  which  indicates 
our  viev.'  of  the  higher-priority  requirements  for  several  air¬ 
craft  types. 

Reduction  of  the  Effects  of  Weather  on  Mission  Performance  -  Ef¬ 
fects  today  consist  of  departure  and  arrival  delays,  rerouting 
of  flights  or  cancellation  of  operations. 

Improvement  of  the  Economics  of  Operat;  n  -  Flight  operations 
under  non-visual  conditions  and/or  at  high-density  airports 
should  have  minimum  constraints  imposed  on  their  ability  to 

•  select  optimum  glidepaths  for  the  individual 
aircraft  and  flight  configuration 

•  execute  efficient  arrival  and  departure 
routes.  This  includes  close-in  intercepts 
to  final  approach  especially  for  short- 
haul  (STOL)  aircraft  where  the  percentage 
time  lost  in  inefficient  terminal  maneuvers 
is  the  greatest. 

Maximizing  the  Ability  of  Avionics  -  Aircraft  with  basic  avionics 
should  be  able  to  obtain  basic  performance  at  even  the  most  com¬ 
plex  airport.  Aircraft  with  sophisticated  avionics  should  be 
able  to  obtain  performance  limited  only  by  the  complexity  of  the 
ground  installations. 

Ensuring  Adaptability  to  Aircraft  and  Avionics  -  MLS  avionics 
must  be  compatible  with  present  avionics  and  aircraft  capabilities 
and  have  sufficient  performance  characteristics  to  support  im¬ 
proved  capabilities  envisioned  for  future  aircrafts,  including 
increased  flight  envelopes  and  new  control  systems  and  dynamics. 
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Insuring  Freedom  to  Execute  All  (Otherwise -Safe)  Maneuvers  Re- 
quired  Within  the  Terminal  Maneuver  Area. 

Preserving  Integrity  of  Flight  Operations  -  Use  of  MLS  to  extend 
capabilities  into  all  weather  conditions  and  to  improve  aspects 
of  precision  flying  should  not  degrade  the  integrity  of  opera¬ 
tions  below  that  applicable  to  less  stringent  conditions.  Spec¬ 
ific  needs  are 

•  Provision  of  blunder-proof  facility  identi¬ 
fication 

•  Simplicity  of  man  machine  interface  require¬ 
ments 

•  Compatibility  with  pilot:  operations,  e.g., 
transition  from  instrument  to  visual  flight 

•  Protection  against  system  failures  during 
critical  maneuvers 

•  Provisions  of  warning  and  status -change 
indications  upon  equipment  failure 

(3)  Air  Traffic  Control  Needs 

Needs  of  the  ATC  system  fall  into  two  categories:  improving  the 
efficient  utilization  of  terminal  airspace  and,  in  so  doing,  pre¬ 
serving  the  integrity  of  ATC  operations. 

(a)  Improving  airspace  efficiency.  Basic 
MLS-related  needs  are: 

•  Flexibility  of  terminal  routing,  includ¬ 
ing  speed-class  segregation  and  depar¬ 
ture  control,  should  be  unconstrained 

by  MLS  characteristics 

•  Aircraft  and  ATC  displays  and  computa¬ 
tional  capabilities  should  be  compat¬ 
ible  so  that  improved  three-dimensional 
routing  to  touchdown  is  practical 

•  MLS  should  support  growth  and  evolution 
of  AT)-  concepts,  including  future  meter¬ 
ing  a  jd  spacing  systems 

) 
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( b )  Preserving  the  int e gri.ty  of  operations. 

Key  needs  are: 

•  MLS  operational  status  must  be  known 
at  all  times  by  controllers 

•  equipment  downtime  must  be  minimized, 
and  unscheduled  downtime  at  high-density 
facilities  must  be  extremely  remote 

•  remote  control  of  equipment  must  be 
available  for  ATC  to  change  runways  or 
to  cope  with  interference  on  a  runway 

•  monitoring  of  aircraft  path  selection 
and  progress  is  highly  desirable  and  is 
essential  in  the  carrier  landing  envi¬ 
ronment 

b.  Operational  Requirements  * 

The  objective  of  the  operational  requirements  analysis  is  to 
segment  the  users  and  their  needs  so  that  system  configuration 
and  performance  requirements  could  be  validated  to  show  that  MLS 
satisfies  all  needs.  Categories  of  users  (aircraft  and  airports) 
were  chosen  to  point  out  differences  in  needs  that  might  lead  to 
different  physical  and  functional  design  requirements.  At  the 
same  time,  duplication  of  essentially  similar  user  classes  was  to 
be  avoided. 

A  set  of  Operational  Requirements  matrices  and  associated  de¬ 
scriptions  were  formulated  which  tie  together  aircraft,  ground 
facilities  and  flight  operations  required  to  fulfill  user  needs. 
The  resulting  segmentation  was  not  purposefully  made  to  be  in 
accordance  with  specific  assignment  of  SC-117  configurations, 
but  the  full  range  of  probable  requirements  is  believed  to  be 
illustrated.  Assignments  to  specific  SC-117  configurations 
were  made  in  connection  with  the  Functional  Services  description 
which  follows  this  section. 
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Significant  results  of  the  operational  requirement  analyses 
inc luded: 

•  Identification,  based  on  assumed  missions 
between  airports,  of  requirements  for  each  air¬ 
craft  avionics  to  be  compatible  with  a  number  of 
airport  configurations. 

•  Identification  of  probable  level  of  equipment 
sophistication  for  a  number  of  user  types. 

•  Definition  of  issues  concerning  the  utility  of 
variable  vertical  and  lateral  approaches. 

•  Identification  of  the  utility  of  multiple  glide- 
slope  capability  at  the  lowest  category  airports. 

•  Definition  of  special  operational  requirements 
associated  with  military  transportable  and  ship¬ 
board  systems. 

(1)  Requirements  Matrices 

i'  |  It  was  necessary  to  treat  a  four-dimensional  relationship  among 

users  and  requirements.  The  dimensions  were: 

•  user  aircraft 

•  airports 

•  aircraft  requirements 

•  airport  requirements  (including,  for  con¬ 
venience,  ATC  requirements) 

The  requirement  therefore,  evolved  in  the  form  of  three  matrices. 
The  relationship  between  these  matrices  is  illustrated  schemati¬ 
cally  in  figure  9-2.  The  individual  matrices  are  depicted  in 
Tables  9-4,  9-5  and  9-6. 

The  following  discussion  defines  the  airport,  aircraft  and  re¬ 
quirement  coordinates  and  gives  the  rationale  for  the  matrix 
entries.  Special  requirements  not  covered  in  the  matrices  are 
also  discussed. 

t  ' 
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Figure  9-2.  Relationship  Among  Tables  of  Operational  Requirements 
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(2)  Airport  Categories 

Ideally,  airports  would  be  categorized  according  to  the  param¬ 
eter  that  would  largely  determine  the  ground  configuration  to 
be  used.  Possible  parameters  are  runway  configuration,  aircraft 
users ,  traffic  density ,  and  traffic  patterns.  It  would  be  prefer¬ 
able  to  use  airport  classifications  accepted  by  the  users,  but 
existing  classifications  are  overlapping  and  not  sufficiently 
defined  to  be  used  directly.  Therefore,  existing  classifications 
were  modified  and  elaborated  as  necessary  to  cover  the  scope  of 
requirements.  Referring  to  Table  9-5,  possible  runway  config¬ 
urations  are  given  for  each  airport. 

User  groups  (civil,  private,  military)  were  kept  separate  under 
the  presumption  that  each  user  should  see  a  set  of  requirements 
uniquely  describing  his  situation. 

Civil  aviation  airport  categories  were  not  defined  in  SC-117. 
Instead,  only  the  possible  ranges  of  parameters  were  identified. 
In  the  operational  requirements  analysis,  the  civil  categories 
were  adopted  from  a  brief  outline  of  the  new  National  Airport 
System  Plan  (NASP)  classifications  found  in  Reference  6.  This 
new  classification  is  expected  to  offer  "greater  opportunity  for 
systems  analysis  techniques  in  long  range  airport  planning." 
Classifications  will  be  based  on  "public  service  level”  and  level 
of  aircraft  operations.  The  categories  in  our  summary  are  a 
simplification  of  the  projected  classification  system  in  which 
general  density  levels  and  runway  configui  tions  are  assumed  to 
ba  correlated.  V/STOL  and  VTOL  classif icacions  were  added  to 
indicate  the  near  metropolitan,  special  purpose  applications 
which  are  not  explio  tly  identified  in  the  NASP  scheme  so  far. 

It  will  be  useful  to  monitor  the  development  of  the  NASP  by  FAA 
as  a  policy  tool  for  developing  each  class  of  airports  to  speci¬ 
fic  capability  levels. 
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"Private  airports"  represent  that  class  requiring  the  simplest 
landing  guidance  function.  More  sophisticated  private  airports 
are  presumed  to  be  included  in  one  or  more  civil  aviation  cat¬ 
egories  . 

Military  airport  classifications  were  condensed  from  several 
over-lapping  category  descriptions  presented  in  the  MLS  RFP 
Appendix  (General  Requirements)  for  USA,  USMC,  and  USN,  and  in 
the  NIAG  requirements  document  (Reference  5) .  A  listing  of  USAP 
airport  types  was  also  given  in  preliminary  notes  on  Airport 
Environment  by  SC-117  without  description. 

"Main  Operating  Base"  denotes  a  strategic,  permanent  or  semi¬ 
permanent  equivalent  of  a  high  density  international  civil  air¬ 
port.  "Dispersed  Operating  Base"  denotes  a  tactical  deployable 
facility  suitable  for  all  aircraft  but  the  largest  transports. 
"Forward  Operating  Base"  differs  from  the  former  category  in  the 
high  degree  of  portability  and  rapid  installation  required,  under 
forward  area  conditions,  and  includes  the  "Split-Site"  category 
of  USA,  "Forward  Area  Airbases"  of  USMC,  and  "Forward  Battle 
Landing  Site"  in  the  NIAG  report.  "Combat  Base"  denotes  highly 
portable  V/STOL  facilities  and  includes  the  "Co-located"  category 
of  USA  and  the  "Remote  Area"  category  of  USMC.  The  LHA  desig¬ 
nation  does  not  appear  in  USN  requirements  as  presently  stated, 
but  is  presumed  to  be  a  requirement  category  which  would  include 
VTOL  carriers  (LHA's)  and  special  pads  on  other  vessels.  With 
respect  to  the  LHA  designation,  this  requirement  has  not  been 
explicitly  stated  in  the  MLS  plan,  but  is  considered  a  real  one 
by  Grumman  consultants.  While  a  version  of  the  USMC  "Remote  Area" 
system  may  be  adequate  for  this  application,  Hazeltine  plans  to 
review  this  requirement  during  Phase  II  after  discussions  with 
the  Navy. 
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(3)  Aircraft  Categories 

The  aircraft  were  categorized  in  a  way  which  would  ultimately 
point  up  differences  in  avionics  requirements. 

•  Users  will  mcst  likely  determine  the  level 
of  sophistication  of  avionics  based  on  cap¬ 
abilities  of  aircraft,  importance  of  missions, 
availability  of  alternative  routings,  avail¬ 
able  space  on  board  and  crew  size. 

•  Avionics  requirements  will  also  be  determined 
by  the  frequency  with  which  landings  at  high 
density  terminals  are  made. 

(4)  Airports  vs  Aircraft 

Table  9-4  indicates  Hazeltine  estimates  of  the  regular  and 
occasional  u§e  of  airport  facilities  for  each  typ?  of  aircraft. 

This  compatibility  matrix  is  a  key  reason  for  the  requirement  of 
universality  in  the  MLS  concept.  Hazeltine  made  use  of  this 
matrix  in  selecting  the  operating  frequencies  for  various  MLS 
ground  configurations  and  avionics.  Of  particular  note  is  the 
occasional  cross-utilization  of  civil  airfields  by  military  air¬ 
craft  (and  to  a  lesser  extent,  the  converse)  which  is  a  principal 
reason  for  the  design  of  common  civil/military  signal  formats. 

(5)  Airport  Requirements 

This  section  highlights  some  of  the  aspects  of  airport  operational 
requirements  indicated  in  Table  9-5. 

(a)  The  capability  for  supporting  multiple 
vertical  approaches  (glides lopes)  is 
recommended  at  virtually  all  facilities  for 
several  reasons. 

e  Accommodation  of  aircraft  with  different 
preset  glideslopes  based  on  individual 
optimum  flight  configurations. 
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•  Accommodation  of  jumbo  jets  (especially 
short  haul  jumbos  which  can  use  smaller 
airports)  where  wheel  clearance  at 
threshold  is  a  special  problem  because 
of  nose-to-rear-wheel  geometry. 

•  Accommodation  of  higher  glides  lopes  for 
noise  abatement,  which  may  be  a  require¬ 
ment  in  the  future  even  at  low  density 
airports . 

(b)  With  reference  to  multiple  vertical 
approaches,  recent  STOL  experiments 
(Reference  7)  indicate  a  maximum  practical 
glideslope  of  6°  or  7-1/2°,  well  below  the 
maximum  glideslope  of  15°  in  the  SC-117 
O.R.  Even  with  some  increase  due  to  future 
technology,  there  remains  some  doubt  that 
guidance  at  large  airport  runways  needs  to 
support  glides  lopes  up  to  15°. 

(c)  With  the  exception  of  VTOL  operations  at 
co-located  facilities,  it  appears  unlikely 
that  off  centerline  azimuth  approaches  are 
likely  to  be  used,  principally  because  this 
involves  flying  towards  tne  stop  end  of  the 
runway,  and  requires  a  two-step  maneuver 

to  converge  on  final  approach. 

(d)  Curved  and  complex  vertical  approaches  will 
include: 

•  two-step  vertical  maneuvers  for  noise 
abatement . 

•  offset  -  GPIP  glidepaths  especially  at 
military  fields  to  shorten  the  runway 
length  required  for  high  performance 
aircraft.  The  objective  is  to  match  the 
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glidepaths  flown  under  visual  conditions 
in  which  the  initial  aiming  point  is 
considerably  downwind  from  the  elevation 
datum. 

•  turning  and  spiraling  descents,  espec¬ 
ially  at  STOL  ports,  to  minimize  air 
space  volume  used.  The  objective  is  to 
avoid  traffic  to  and  from  other  airports 
and  to  avoid  obstacles  to  flight  in 
urban  areas. 

(e)  Curved  and  complex  lateral  approaches  will 

include: 

•  Routing  for  metering  and  spacing  (M&S) 
systems,  probably  linear  segments  using 
RNAV  procedures.  However,  as  pointed 
out  in  the  coverage  requirements  section 
below,  only  the  final  leg  of  the  M&S 
route  is  likely  to  be  in  the  MLS  cover¬ 
age  areas . 

•  Curved  and  segmented  paths  for  noise 
abatement.  The  SC-117  operational  re¬ 
quirements  showed  “worst  case"  1/2  mile 
radius  turn  converging  on  the  runway 
centerline  practically  at  threshold. 
However,  it  was  the  general  view  of 
Hazeltine's  expert  consultants  that 
during  Category  II/III  weather,  pilots 
will  require  convergence  and  settling 
on  a  final  centerline  approach  at  least 
one  minute  before  "decision  height." 

This  provides  a  stable  "platform"  from 
which  to  assess  aircraft  and  control 
guidance  system  behavior  prior  to  the 
decision  to  land.  This  view  is  supported 
in  the  literature  (Reference  8) . 
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•  Special  gradually  curved  paths  for  con¬ 
vergence  on  parallel  runway  approaches 
with  minimum  danger  of  overshoot. 

(f)  Missed  approach  and  departure  guidance 
was  recommended  for  inclusion  as  an  option 
at  medium  density  airports  to  make  maximum 
use  of  sophisticated  MLS  and  RNAV  equip¬ 
ments  which  will  be  carried  b^  many  user 
aircraft . 

(g)  Multipath  environments  were  considered  to 
be  "severe"  at  high  density  airports  be¬ 
cause  of  the  amount  of  air  and  ground 
traffic  typically  present.  Also  labeled 
"severe"  were  V/STOL  and  VTOL  ports  in 
metropolitan  areas,  tactical  bases  opera¬ 
ting  in  unprepared  terrain  and  carrier 
systems  where  deck  reflections  are  signif¬ 
icant  . 

(h)  All  Cat.  Ill  systems  are  labeled  as  fail- 
operational,  meaning  that  the  system  will 
remain  operational  after  any  component  or 
subsystem  failure  which  is  not  remote. 

This  is  required  to  meet  FAA  requirements 
for  probability  of  hazardous  failure  of 
signal  during  final  approach  and  landing. 
All  other  systems  are  labeled  fail-safe , 
meaning  that  any  subsystem  or  component 
failure  will  result  in  an  invalid  state 
which  cannot  be  confused  with  valid  data. 

(6)  Aircraft  Requirements 

This  section  highlights  some  of  the  aspects  of  aircraft  opera¬ 
tional  requirements  indicated  in  Table  9-6. 
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(a)  Requirement  levels  were  based  on  long  range 
operational  requirements  and  not  necessarily 
on  first  buys  of  equipment.  For  instance, 
UAL  indicated  that  airlines  are  likely  to 
fully  equip  their  fleets  with  Cat.  II 
avionics  before  a  large  conversion  to  Cat. 
Ill  capability  is  initiated. 

(b)  With  reference  to  variable  glides  lopes  under 
Cat.  II  weather,  STOL  experiments  at  NAFEC 
(Reference  7)  tend  to  support  the  view  that 
breakout  at  100  feet  on  a  6°  or  7.5°  glide- 
slope  leaves  insufficient  time  (as  low  as 

6  seconds)  for  adjustment  to  visual  con¬ 
ditions  and  runway  alignment.  Therefore, 
higher  glidealopes  may  be  restricted  to 
Cat.  I  conditions. 

(c)  With  respect  to  the  category  of  equipment 
in  high  performance  military  CTOL  aircraft, 
a  potential  problem  was  determined  relative 
to  the  available  space  for  the  dual  receiver 
installation  that  has  been  determined  to  be 
necessary  in  civil  aircraft  for  Cat.  Ill 
fail-operational  integrity.  Resol.  ‘.‘on  of 
this  issue  will  await  further  in  format n 
on  form  factors  of  production  avionict*  »,.c 
the  integrity  philosophy  relevant  to  Air 
Force  operation. 

(7)  Special  Military  Requirements 

This  section  indicates  significant  additional  operational  re¬ 
quirements  peculiar  to  military  situations. 
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(a)  Remote  VTOV'STOL  facilities. 

•  adaptability  to  severe  terrain  block¬ 
age  (by  adjustment  of  coverage) . 

•  adaptability  to  either  landing  ships 
or  VTOL  pad  operation  by  co- located 
or  split-site  operation. 

•  capability  for  special  power  conser¬ 
vation  (service  demand  mode)  measures. 

•  ability  to  support  landings  on  several 
azimuth  courses  simultaneously,  without 
requiring  special  avionics  equipment. 

(b)  Carrier  Landing  Facilities 

A  tentative  design  outline  for  a  shipboard  system  accommodating 
the  following  requirements  is  presented  in  the  prototype  plan 
(Section  1.2. 2.1) . 

«  stabilization  of  the  signal-in-space 
on  a  moving  frame  of  reference 

•  provisions  for  flight  path  monitoring 
on  ship  and  on  board  the  aircraft. 
(Present  SPN-41/42  system  combination 
provides  these  capabilities  and  these 
are  believed  to  be  essential  for  all 
weather  carrier  landing  operation.) 
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5.  Functional  Services 

From  the  descriptions  of  user  needs  and  operational  requirements 
Haxeltine  formated  a  comprehensive  statement  of  functional  services 
to  be  supplied  to  each  user  type  from  each  of  the  ground  configura¬ 
tions.  This  section  gives  the  final  description  generated  at  the 
end  of  TACD  and  Includes  numerous  comments  by  expert  consultants 
and  other  explanatory  material. 

The  functional  services  described  are  tabulated  in  Table  9-7  along 
with  applicable  users  and  ground  facilities.  The  services  are  for 
the  most  part  provided  to  the  user  in  conjunction  with  other  re¬ 
quired  equipment.  Table  9-8  summarizes  the  assumed  equipment  com¬ 
plement  for  each  user.  Based  on  the  user  services  descriptions, 
the  required  functional  elements  for  each  ground  facility  are 
indicated  in  Table  9-9. 

a.  Lateral  Approach  Guidance 

(1)  Basic  Localizer  Service 

In  this  mode  the  receiver /processor  provides  outputs  essentially 
equivalent  to  ILS.  The  output  will  be  proportional  to  deviations 
from  runway  centerline,  providing  a  proportional  coursewidth 
equivalent  to  a  700-foot  wide  course  at  runway  threshold.  Outside 
this  region,  fly-right/fly- left  logic  outputs  are  provided.  In 
ILS,  the  coursewidth  is  adjusted  in  the  localizer  ground  equip¬ 
ment  to  compensate  for  runways  of  different  length.  The  choice 
of  implementation  for  this  adjustment  in  MLS  raises  issues  of 
compatibility,  as  discussed  in  Section  1.1. 3. 3.  The  method 
chosen  was  to  provide  automation  coursewidth  correction  or  course 
softening  in  the  receiver.  All  receivers  will  be  capable  of  de¬ 
coding  a  coursewidth  factor  encoded  in  auxiliary  data  in  order  to 
do  this . 

(2)  Wide-Angle  Localizer  Course 

This  is  a  pilot-selectable  mode  which  takes  advantage  of  the  wide- 
angle  output  capability  of  proportional  receivers  when  they  are  not 
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being  used  in  more  sophisticated  ways  (as  below) .  When  this  mode 
is  selected,  a  wide  (±10°)  azimuth  course,  centered  in  the  runway 
centerline,  is  generated  for  display  on  course  deviation  instru¬ 
ments.  When  the  AZ  angle  is  reduced  below  a  preset  amount  (say 
2.5°)  the  receiver  reverts  to  the  normal  coursewidth  (as  above). 

•  This  wide-course  option  is  envisioned  as 
aiding  normal  convergence  to  the  centerline 
course,  especially  at  high  azimuth  intercept 
angles  relatively  close  to  threshold,  and 
would  tend  to  minimize  overshoots.  The  auto¬ 
pilot  would  be  coupled  after  che  normal 
narrow-coursewidth  mode  is  obtained. 

•  There  was  not  a  concensus  on  the  desirability 
of  a  wide  coursewidth  for  convergence  on 
centerline.  Further  investigation  is  re¬ 
quired  to  confirm  possible  advantages. 

(3)  Selectable  Lateral  Approaches 

In  this  mode,  a  small  number  of  highly  standardized  lateral  ap¬ 
proaches  would  be  made  available  via  a  special  "offset  path"  com¬ 
puter.  Examples  of  programmed  courses  would  be  two-step  lateral 
maneuvers  (for  parallel  runway  operation)  and  standardized  wide- 
angle  intercepts  of  the  centerline  approach.  A  possible  set  is 
Right  (1),  Right  (2),  Centerline,  Left  (1),  Left  (2).  Nominally 
the  "offset  path  computer"  operates  on  MLS-only  data. 

•  The  advantages  of  a  separate,  MLS-only  off¬ 
set  path  computer  seen-'  to  be  dependent  on  it 
being  much  less  expensive  than  an  RNAV 
system.  However,  the  consensus  of  our  con¬ 
sultants  is  that  (1)  approaches  which  are 
both  completely  standardized  and  widely  appli¬ 
cable  may  be  impractical  co  implement, 

(2)  RNAV  Systems,  utilizing  multisensor  data, 
;will  show  superior  performance  in  executing 
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these  maneuvers,  and  (3)  most  users  who  will 
have  proportional  receivers  will  probably 
have  RNAV  capability  also.  If  so,  then  these 
maneuvers  would  become  part  of  item  d  below, 
we  intend  to  investigate  the  issue  of  offset- 
path  computers  further  during  Phase  II. 

•  Flying  radials  to  the  azimuth  guidance  ele¬ 
ments  is  practical  and  desirable  for  VTOL 
applications  where  guidance  elements  are  co¬ 
located 

(4)  Area  Navigation  Approaches 

In  this  mode,  range/bearing  measurements  from  a  proportional  MLS 
receiver  are  used  in  conjunction  with  an  area  navigation  (RNAV) 
computer  to  generate  complex  flight  paths  in  the  terminal  area. 

A  repertoire  of  approaches  is  stored  in  the  area  nav  computer  or 
imputed  via  magnetic  "approach  cards",  magnetic  cape  or  paper  tape. 
Within  the  RNAV  system  guidance  transitions  automatically  from  VO- 
RTAC  to  MLS  at  the  MLG  coverage  limits.  Automatic  MLS  channel  se¬ 
lection  may  be  incorporated  as  an  RNAV  function.  All  maneuvers 
terminate  in  a  runway  centerline  approach  segment.  Area  nav  is 
principally  an  autopilot  mode,  with  flight  director  backup,  and 
CDI  or  other  displays  to  monitor  the  error  from  the  desired  flight 
path. 

•  RNAV  display  design  has  been  identified  by 
UAL  and  Sperry  as  a  critical  item  in  ensur¬ 
ing  compatibility  with  the  ATC  function  and 
in  monitoring  progress  along  curved  and  com¬ 
plex  flight  paths. 

•  Since  most  users  of  proporcional  guidance  will 
be  equipped  with  RNAV,  compatibility  with  RNAV 
is  a  key  functional  requirement  for  propor¬ 
tional  MLS  service. 


) 
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(1)  Single  Glideslope 
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In  this  mode  the  receiver  provides  outputs  essentially  equivalent 
to  ILS.  The  output  will  be  proportional  to  the  deviation  from 
glideslope.  A  "nominal"  glideslope  and  coursewidth,  optimized  for 
the  aircraft,  will  be  wired  in  the  receiver.  The  receiver  will 
decode  a  word  from  the  MLS  auxiliary  data  corresponding  to  the 
minimum  safe  glideslope  for  the  facility.  If  this  is  higher  than 
the  "preset"  gl  deslope  by  a  small  amount,  the  receiver  will  auto¬ 
matically  bias  the  receiver  glideslope  to  the  higher  one.  If  the 
minimum  safe  glides? ope  should  exceed  the  capability  of  the  receiver, 
the  deviation  outputs  will  be  suppressed  and  the  indicator  flags 
will  not  drop. 

•  This  mode  relates  to  receivers  which  nom¬ 
inally  are  "fixed"  glideElope  units,  such  as 
the  "D"  receiver.  The  glideslope  bias  fea¬ 
ture  was  added  to  reeolve  a  compatibility 
issue  relative  to  those  airports  where,  be¬ 
cause  of  surrounding  terrain  or  special  site- 
ing  situations,  the  minimum  standard  glide- 
slope  (2.5  -3°)  cannot  safely  be  used.  The 
feature  permits  the  nominal  receivable  glide- 
slope  to  be  reasonably  optimized  for  air¬ 
craft  performance  and  yet  allows  these  air- 
c-aft  to  use  a  maximum  number  of  facilities. 

(2)  Selectable  Glideslope 

In  this  mode  the  operator  selects,  via  the  MLS  mode  select  panel, 
one  of  a  number  of  evailable  discrete  glideslopes.  (For  a  CTOL 
aircraft,  these  might  be  2°  to  6°  in  1/4°  increments;  for  a  3T0L, 
these  might  be  3“  to  9®  in  1°  increments) .  The  selected  angle 
must  be  displayed  prominently  to  the  operator  during  descent. 
Glideslope  courBwidth  is  automatically  adjusted  to  be  proportional 
t.o  the  glideslope  angle  chosen. 
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t »  Variable  ceuraewidth  is  required  to  prevent 
the  uli&eslope  deviation  output  from  being 
overly  sensitive  to  aircraft  activity  during 
dwncent  on  a  high  glideslope.  It  is  also 
usai'ul  to  facilitate  pusho\er  onto  high 
A.  glides lcpe  without  overshoots  (Ref.  M.7). 

♦  ?:t  wiis  strongly  recommended  by  Sperry  that 

'  within  the  MLS  controller,  design  provisions 
be  made  for  stops  which  can  be  adjusted  (at 
an  aircraft  shop  level)  to  limit  the  angles 
which  can  oe  (.elected  as  a  function  of  air¬ 
craft  or  airline  operational  procedures. 

In  addition,  UAL  pilots  showed  considerable 
reluctance  to  accept  the  pilot  selectable 
glides lope  feature  as  a  useful  one,  because 
of  the  possibility  of  human  error.  Therefore, 
two  variants  are  to  be  considered:  (1)  RNAV 
selects  the  final  glideslope  as  the  last  leg 
of  vertical  navigation  as  in  d.  below  or  (2) 
the  receiver  compares  the  glideslope  selected 
with  the  minimum  safe  glideslope  for  the 
facility,  which  is  encoded  in  the  MLS  auxil¬ 
iary  data;  j.f  the  selected  glideslope  is 
lower,  the  pilot  is  notified  via  the  mode 
select  panel  and  the  receiver  outputs  axe 
suppressed. 

(3)  Offset  and  Two-Step  Vertical  Guidance 

In  this  mode,  the  glidepath  intercept  point  is  artificially  dis¬ 
placed  downwind  from  the  elevation  guidance  datum.  An  "offset 
path  computer"  is  nominally  used  to  generate  this  glide  path, 
although  RNAV  may  be  vised  if  available,  offset  guidance  is  des¬ 
ignated  by  glide  angle  and  aiming  point  displacement.  Two-step 
guidance  is  a  combination  of  (1)  an  initial,  step,  displaced 
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glidepath,  intersecting  (2)  a  shallower  final  glidepath  aimed  at 
the  elevation  datum,  and  is  designated  by  initial  slope,  final 
slope  and  intercept  height,  In  this  mode,  glideslope  course  width 
is  automatically  and  gradually  adjusted  within  the  computer  during 
the  transition. 

•  The  two-stop  glideslope  maneuver  is  a 
candidate  for  noise-abatement  procedures  which 
may  ultimately  be  required  for  jet  aircraft 

at  most  civil  airports.  Offset  giidepaths  are 
also  desirable  to  shorten  the  runway  length 
for  high-performance  aircraft  landings  at 
military  installations. 

•  Sperry  commented  that,  in  general,  the  tran¬ 
sition  from  initial  to  final  glidepath  is 
essentially  an  intercept  from  above,  and  is 
not  a  simple  function.  Errors  can  cause 
undershoots,  which  are  to  be  avoided,  espe¬ 
cially  at  low  transition  altitudes,  in  which 
noise  abatement  is  made  most  effective. 
Generation  of  transition  cues,  and  program¬ 
ming  the  aircraft  through  the  transition, 
are  complex  functions,  involving  aircraft 
type  and  configuration  as  well  as  approach 
angle,  and  the  required  interface  with  other 
sensors  could  be  quite  extensive.  Therefore 
this  function  may  be  best  incorporated  as  an 
RNAV  function,  as  in  recent  two-step  experi¬ 
ments.  (Ref  9). 

•  Two-step  vertical  maneuvers  may  be  required  for 
noise-abatement  procedures  even  at  D  con¬ 
figuration  airports.  "Noise"  on  an  offset- 
glidepath  guidance  signal  is  found  to  be  a 
combination  of  noise  on  the  EL  and  DME  channels. 
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This  noise  will  be  of  higher  amplitude  at  the 
D  configuration  than  at,  say,  a  K  configura¬ 
tion.  The  complementary  filtering  of  radio 
signal  and  onboard  sensor  inputs  which  is 
available  in  RNAV  makes  RNAV  a  very  desirable 
method  of  generating  two-step  glidep&ths. 

(4)  Complex  Vertical  Flight  Paths 

In  this  mode,  MLS  supplies  vertical  information  for  Vertical  Navi¬ 
gation  (VNAV)  operation  in  an  area  navigation  computer.  This  is  an 
extension  of  "area  navigation"  lateral  guidance  mentioned  above. 

e  As  pointed  out  in  the  following  discussion  of 
accuracy,  practically,  achievable  elevation 
guidance  accuracy  is  probably  not  sufficient 
for  VNAV  throughout  the  MLS  coverage  range. 

The  VNAV  system  will  utilize  MLS  elevation  only 
over  a  limited  coverage  volume  as  determined 
by  DME  and  azimuth  data.  Outside  this  region 
barometric  (or  equivalent)  altimetry  will  be 
utilized.  To  improve  the  integrity  of  the 
baro  altimetry,  the  runway  baro  setting 
correction  will  be  included  on  MLS  data. 

c.  Longitudinal  Guidance 

DME  is  assumed  available  throughout  the  angle  guidance  coverage. 
Indicators  driven  may  include  ground  speed,  distance  to  go,  area 
navigation  computer,  altitude  and  descent  rate. 

(1)  Basic  "Marker"  Service 

This  service  provides  basic  "marker  beacon”  type  indications  at  one 
or  more  preset  heights;  for  example,  H  =  1500  feet  (Outer  Marker) 
and  H  =  200  feet  (Middle  Marker) . 

•  Consideration  should  be  given  to  "D"  users 
who  may  not  wish  to  purchase  DME.  For  these 
users,  present  marker  beacons  could  be  retained. 
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However,  only  one  glideslope  will  give  ex-  ? 

actly  the  right  height  indications.  For 
these  receivers  it  may  be  necessary  to  fix 
the  receiver  glideslope  at  the  high  end  of  \ 

the  range  of  present  ILS  glides lopes.  f 

(2)  Basic  Continuous  Service 

Once  on  the  centerline  approach,  MLS  will  provide  ground  speed, 

distance  to  threshold  and  altitude  above  runway.  * 

(3)  Metering  Service  ? 

This  service  is  available  via  the  RNAV  system,  to  provide  precise 
time-of-arrival  control.  Depending  on  the  speed-control  concept 
utilized,  outputs  would  be  along-track  error  (in  seconds,  early/ 
late),  predicted  time  to  threshold  or  special  graphic  display.  s 

•  Assuming,  in  a  future  system,  that  speed 

control  is  assumed  by  the  aircraft,  with  ATC 
surveillance  as  a  backup,  then  it  is  neces-  ; 

aary  to  initialize  the  airborne  system  in 
real-time.  For  this  purpose,  ti  j  MLS  auxil¬ 
iary  data  will  provide  precise  airport  time  i 

to  synchronize  the  airborne  clock.  The  de¬ 
sired  time-of-arrival  at  threshold  would  be 
provided  via  an  ATC  voice  or  data  link. 

•  Longitudinal  guidance  via  speed  control  is  only 

one  possible  metering  and  spacing  concept.  i 

Another  concept  is  utilization  of  path  stretch¬ 
ing  maneuvers  to  correct  for  time-of-arrival. 

This  is  a  "lateral  guidance"  function  gen-  ; 

erated  either  by  ATC  vectoring  or  in  the  on¬ 
board  computer.  MLS  would  then  be  utilized 
for  lateral  guidance  as  covered  above. 
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d.  Landing  Guidance 

(1)  Category  1  Guidance 

Precision  Guidance  signals  are  provided  to  at  least  150  ft.  above 
the  runway  level  on  the  glidepath.  A  decision  height  indication  is 
provided  at  200  feet  above  runway  level. 

e  As  an  option,  a  "fly-up"  indication  may  be 
given  if  the  aircraft  deviation  from  the 
nominal  flight  path  exceeds  a  preset  "window", 
e  Precision  guidance  is  provided  to  50  feet 
below  the  decision  height,  as  in  ILS,  as  a 
safety  margin  to  amount  for  pilot's  reaction 
time  after  the  decision  height  is  past. 

(2)  Category  II  Guidance 

Precision  guidance  signals  are  provided  to  at  least  50  ft.  above 
the  runway  level  on  the  glidepath.  A  decision  height  indication  is 
provided  at  100  feet  above  runway  level. 

e  Same  comments  apply  as  above 

(3)  Category  III  (Flare)  Guidance 

During  the  flare,  MLS  provides  computed  height  information  to  the 
flare  computer,  which  is  normally  incorporated  in  the  autopilot. 

The  transition  from  glidepath  guidance  to  flare  guidance  is  per¬ 
formed  in  the  autopilot.  The  system  must  be  in  fail-operational 
status  to  proceed  to  flare  initiation.  In  addition  to  other  mon¬ 
itoring  features,  to  assure  system  integrity,  a  pre-flare  verifi¬ 
cation  period  of  approximately  one  minute  is  provided  for.  During 
this  period,  the  height  is  computed  both  from  glidepath  (EL-1)  and 
flare  (EL-2)  guidance  angle  outputs  and  DME .  The  two  height  read¬ 
ings  must  agree  within  a  preset  tolerance  in  order  for  positive 
verification  to  be  given  to  the  pilot. 

•  It  should  be  noted  that  the  use  of  a  radio 
altimeter  flare  is  not  considered  part  of  the 
MLS  system.  However,  category  II  and  III 
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MLS  systems  will  still  be  supplying  AZ  and 
EL-1  guidance  to  aircraft  equipped  with  radio 
altimetry  autoland  systems,  and  should  have 
sufficient  guidance  signal  quality  to  do  so. 

(4)  Decrab 

The  der.rab  function  is  assumed  to  be  incorporated  in  the  autopilot 
system,  if  required.  The  MLS  auxiliary  data  will  provide  runway 
heading  and  crossvind  data  as  necessary. 

e.  Runway  Guidance 

Runway  length  and  exit  positions  will  be  provided  on  the  MLS  data 
link. 

(1)  Rollout 

During  rollout,  localizer  information  is  available  on  instruments 
or  for  automatic  steering.  Runway  remaining  (to  the  nearest  100 
feet)  is  displayed,  along  with  speed  (to  the  nearest  10  mph)  for 
controlled  deceleration.  Course  softening  may  be  required  in 
azimuth  to  prevent  over-sensitive  lateral  deviation  indications 
as  the  stop  end  is  approached. 

(2)  Turnoff 

For  service  up  to  Cat  III  b  conditions,  an  exit  cue  will  be  pro¬ 
vided  3  to  5  seconds  in  advance  of  arrival  at  an  exit. 

For  service  up  to  Cat  III  C  conditions,  the  existence  of  an  in¬ 
dependent  support  Surface  Navigation  System  is  assumed.  This 
system  would  be  acquired  after  touchdown,  and  verified  by  comparison 
to  MLS  while  the  aircraft  is  on  the  runway.  The  high-speed  turn¬ 
off  maneuver  would  then  be  executed  under  the  control  of  the  sur¬ 
face  system.  If  the  surface  system  is  not  validated,  then  the 
aircraft  would  proceed  to  the  next  exit,  at  which  a  low-speed 
turnoff  would  be  executed. 

•  Little  information  was  available  on  the  re¬ 
quired  characteristics  of  a  runway/taxiway 
guidance  system  for  a  zero  visibility  system. 
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The  above  description  was  envolved  after 
discussions  with  United  Air  Lines.  This  area 
will  be  investigated  further  during  Phase  II; 
as  of  this  writing,  Razeltine  has  recently 
started  an  analysis  of  an  Airport  Ground 
Traffic  Control  system  for  the  DOT. 
e  The  Cat  III  C  concept  was  formulated  under 
the  assumption  that  MLS  has  the  primary 
responsibility  for  guidance  only  while  the 
aircraft  remains  on  the  runway.  Alterna¬ 
tively  MLS  may  assume  primary  responsibility 
out  to  some  distance  from  the  runway;  say 
500  feet.  In  the  case  of  off-runway  guid¬ 
ance,  a  new  dimension  of  multipath  and  block¬ 
ing  effects  is  encountered.  Site  control 
will  affect  aircraft  on  runways  and  taxiways, 
buildings,  other  objects,  and  turnoff  lo¬ 
cation  and  design.  Also,  guidance  antenna 
requirements  will  be  more  severe.  It  appears 
unnecessary  to  so  burden  the  system  at  this 
time.  We  also  note  that  alternative  surface 
guidance  systems  concepts  utilizing  direct 
microwave  transmission  tend  to  favor  high 
vantage  points  for  guidance  transmitters  in 
order  to  overcome  these  problems. 

f.  Takeoff/Missed-Approach  Guidance 

Departure  and  miss-approach  guidance  requires  the  extra  cost  of 
antenna  diversity  and  is  therefore  considered  optional  for  lower- 
grade  users. 

(1)  Lateral  Guidance 

Guidance  is  provided  around  runway  centerline  to  at  least  10  nmi 
from  the  stop  end.  To  avoid  lapses  in  azimuth  guidance  on  the  order 
of  12  seconds  during  the  flyover,  the  back  course  guidance  element 
is  to  be  located  at  the  threshold  end  of  the  runway. 
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•  Consultants  at  UAL  indicated  that  a  12-second 
zone  of  silence  might  be  tolerable  during 
infrequent  missed  approaches,  but  would  not 
be  acceptable  by  airlines  for  use  in  takeoff 
procedures  on  a  regular  basis.  Also,  it  was 
recommended  that  back-course  guidance,  to  be 
useful  to  pilots  during  the  departure  pro¬ 
cedure,  should  extend  at  least  10  nmi  past 
stop  end. 

•  Section  IV  of  Appendix  A  discusses  several 
problems  associated  with  the  transition  from 
landing  guidance  to  missed-approach  guidance 
and  the  autopilot  mechanization  required  to 
overcome  them. 

e  The  inclusion  of  this  service  (and  DME  as 
well)  at  all  category  II  facilities  were 
definitely  recommended  by  UAL.  This  would 
increase  the  utility  of  those  airborne 
systems  which  are  equipped  for  this  service 
for  use  at  category  III  facilities. 

Vertical  Guidance 


This  is  recommended  as  a  growth  option. 


Sperry  has  indicated  that  attempting  to  fly 
to  a  vertical  guidance  beam  during  takeoff 
missed-approach  can  result  in  stalls.  It  was 
recommended  that  vertical  course  guidance 
should  not  be  provided  unless  and  until  it 
can  be  utilized  in  conjunction  with  a  so¬ 
phisticated  speed  command  system  associated 
with  energy  management  of  the  total  aircraft. 
Without  a  guidance  role  for  this  service  it 
was  felt  there  was  insufficient  justification 
for  the  expense  of  the  guidance  generation 
equipment  and  its  occupation  of  function  time 
in  the  signal  format. 
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(3)  Longitudinal  Guidance 

Distance  to  stop  end  will  be  provided  (in  hundreds  of  feet)  until 
stop  end  is  overflown.  Then  distance  from  stop  end  will  be  pro¬ 
vided  (in  miles) . 

g.  Identification 

(1)  Aural  Identification 

In  this  identification  a  morse  code  identification  signal  is  heard 
in  earphones.  Only  airport  identification  is  provided.  For  parallel 
runway  airports,  channel  assignments  (there  are  200  MLS  channels 
planned)  should  be  made  sufficiently  different  numerically  &o  that 
selection  of  the  wrong  runway  at  the  right  airpo’.-t  will  be  very 
improbable. 

Voice  identification  was  preferred  by  some  pilots  interviewed  but 
MLS  signal  structure  requirements  preclude  this. 

(2)  Automatic  Identification 

Airport  and  runway  automatically  will  be  decoded  and  displayed  on 
the  MLS  controller. 

h.  Obstacle  Warning 

A  single  service  will  be  provided  in  conjunction  with  vertical  ap¬ 
proach  guidance  as  indicated  above.  Included  on  the  MLS  auxiliary 
data  will  be  the  minimum  safe  glidepath  for  each  facility.  This 
will  be  r.ecoded  in  all  receivers  and  compared  to  the  receiver 
glidepath  setting.  If  the  receiver  setting  is  lower,  the  receiver 
will  generate  an  "invalid"  discrete  and  will  provide  no  guidance 
information  (so  that  the  indicator  flags  will  not  drop) . 

•  The  need  for  obstacle  warning  appears  to  be 
preset  for  the  lower-class  users,  since  trunk 
airlines  due  to  stringent  procedures,  including 
cockpit  checklists,  teaming,  etc.,  have  minimal 
problems  of  obstacle  clearance  on  approach/ 
departure.  NTSB  statistics  show  this  area  to 
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be  i  major  cause  of  -accidents  with  the  pre~ 
pcr,derai.ce  of  esses  being  general  aviation  and 
supplemental  air  carriers, 

i.  Malfunction  .Indications 

(1)  Basic  Alarm 

A  "Malf"  indication  will  be  given  upon  airborne  equipment  failure, 
or  lose  of  signal,  or  unreliable  signal. 

(2)  Malfunction  Discrimination 

For  higher-class  users,  indications  will  discriminate  as  to  the 
source  of  the  failure:  airborne  or  ground  equipment.  A  built-in 
delay  in  the  failure  indications  will  "coast”  over  momentary 
signal  outages. 

•  Maximum  "coast"  periods  during  final  approaches 
and  landing  have  been  determined  at  Sperry  by 
simulations.  These  are  discussed  under 
Integrity  Features  in  Section  1.1. 1.1, 

Part  A. 

®  The  significance  of  malfunction  discrimination 
is  (1)  to  assise  ir.  decisions  as  to  what  sub¬ 
sequent  actions  to  take  —  whether  another 
instrument  approach  can  be  made,  and  (2)  to 
avoid  loss  of  pilot  confidence  in  the  system 
by  informing  him  as  to  the  source  of  failure: 
ground,  receiver  or  autopilot.  UAL  maintenance 
reports  pilot  complaints  of  autopilotr  de¬ 
coupling  during  ILS  approaches  where  the  pilot 
.never  knew  whether  the  aircraft,  the  ILS  or 
neither  was  at  fault. 

j.  Airport  Condition  Data 

The  following  MLS  auxiliary  data  will  be  provided  in  support  of 
Category  21  and  III  MLS  users: 

•  Runway  Visual  Range 

•  Wind  speed  and  direction 
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•  Barometric  setting 

•  MLS  status  (all-up  or  reduced  operating  category) 
k.  Services  to  ATC 

In  applicable  facilities,  operational  status  of  all  MLS  guidance 
elements  will  be  provided  for  the  tower  controllers.  Optionally, 
this  data  will  also  be  available  for  transmission  to  the  common 
1FR  facility.  The  MLS  elements  for  each  runway  and  direction  will 
be  operable  remotely  from  the  tower. 

(1)  Flight  Path  Monitoring 

The  need  for  independent  flight  path  monitoring  at  Cat.  II/III 
facilities  has  been  discussed  at  length  and  it  was  the  opinion  of 
SC-117  that  this  service  should  be  independent  of  MLS.  Hazeltine 
proposes  one  exception  to  this.  For  carrier  landing,  it  is  be¬ 
lieved  required  for  any  system  to  be  a  functional  replacement  for 
the  SPN41/42  systems,  that  monitoring  be  provided  both  for  the 
pilot  and  for  shipboard  personnel.  This  is  discussed  more  fully 
in  the  Description  of  Prototype  Systems,  Section  1.2. 2.1. 

6.  MLS  Signal  Quality  Requirements 

a.  Introduction 

This  section  presents  a  summary  of  the  analysis  anc  simulations 
performed  by  Hazeltine  and  its  subcontractor,  Sperry  Flight  Systems 
tc  review  and  further  define  the  requirements  for  the  "quality" 
of  the  MLS  guidance  signals.  The  parameters  assessed  were  bias, 
noise,  data  rate,  granularity  and  signal  interruptions. 

(1)  Purpose  of  Review 

In  the  initial  formulation  of  the  MLS  accuracy  requirements, 

SC-117  utilized  the  existing  ICAO  specifications  for  ILS  as  a  basis 
for  extrapolation.  That  further  investigation  of  MLS  accuracy  re¬ 
quirements  is  needed  is  clear  when  certain  differences  between 
systems  are  considered. 

•  The  ILS  signal  is  continuous,  while  MLS  is 
a  sampled-data  system. 
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•  Because  of  the  very  different  operating  fre¬ 
quencies  of  MLS  and  the  resultant  inter¬ 
ference  patterns  produced  in  space  by  multi- 
path  effects,  the  nature  of  the  resultant 
MLS  "noise"  is  significant] y  different  the., 

ILS  beam  bends. 

•  MLS  is  required  to  provide  services  over  a 
wider  range  of  conditions,  such  as  glidepath 
and  coverage  volumes. 

•  MLS  incorporates  additional  guidance  elements 
not  present  in  ILS  (DME ,  EL-2) 

•  Special  considerations  relative  to  non¬ 
standard  operations  and  runways  influence 
requirements . 

In  addition,  other  aspects  of  signal  quality  (e.g.,  granularity  and 
signal  interruptions)  were  not  considered  by  SC-117. 

The  effort  undertaken  in  Phase  I  of  the  MLS  program  was  intended 
to: 

•  Review  existing  requirements  to  identify  areas 
where  an  increase  in  accuracy  was  needed  to 
meet  operational  requirements  and  ensure  com¬ 
patibility  with  flight  control  systems 

•  Identify  areas  where  the  extrapolation  from 
ILS  specifications  may  have  resulted  in  an 
uneconomical  overspecification  for  MLS. 

(2)  Elements  of  Signal  Quality 

The  following  elements  of  signal  quality  are  discussed  in  this 
section: 

Bias  -  Bias  comprises  those  guidance  signal  errors  which  are  es¬ 
sentially  invariant  over  the  typical  response  time  of  the  aircraft 
position  ("outer")  loop,  which  is  typically  10-30  seconds.  These 
errors  relate  to  aircraft  positional  deviations,  and,  if  large, 
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contribute  to  excessive  touchdown  dispersions  and  excessive  de¬ 
viations  from  the  desired  flight  path,  as  compared  to  accepted 
practice.  Bias  errors  also  cause  errors  in  height  measurements  in 

Noise  -  Noise,  or  essentially  random  jitter  in  MLS  output  data, 
efluota  most  significantly  the  performance  of  the  aircraft  under 
direct  automatic  flight  control.  Excessive  noise  causes  excessive 
jitter  in  the  control  column  and  wheel  and  in  the  aircraft  actuator 
and  control  surfaces.  Sources  of  noise  include 

•  Transmitter  jitter 

•  Receiver  thermal  noise 

•  Multipath 

In  the  case  of  multipath,  the  effect  can  either  be  essentially 
random,  if  caused  by  many  small  multipath  sources,  or  sinusoidal 
in  nature.  These  issues  are  addressed  in  Section  1.1. 1.1,  Part  E 
on  multipath  effects.  Fortunately  it  is  believed  that  in  instances 
of  interest  the  r jltipath  effect  will  most  of  the  time  be  of  short 
duration  and  noif?u-like  in  nature. 

Data  Rate  -  Increased  data  rates  tend  to  increase  the  effects  of 
noise,  so  that  a  noise/data  rate  tradeoff  is  required.  Ic  is 
believed  the  Doppler  Technique  is  tolerant  of  comparatively  high 
data  rates,  subject  only  to  the  ueBire  to  take  maxim-  advantage  of 
n.ultiscan  averaging,  which  is  very  effective  in  overcoming  the 
effects  of  multipath.  In  the  absence  of  noise,  there  is  a  lower 
limit  of  tolerable  data  rate  based  on  path  following,  but  this  is 
believed  to  be  academic  in  the  face  of  real-world  noise  levels. 

Granularity  -  Lack  of  smoothness  in  spatial  coding  (granularity) 
also  effects  the  control  system,  as  the  aircraft  transitions 
'ough  abrupt  c'  nges  in  the  guidance  signal. 

Interruptions  *  Interruptions  in  signal  could  be  caused  by  momentary 
blockage  of  the  transmitting  elements  or  by  equipment  switchover 
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following  failure  indications.  This  will  affect  the  aircraft  de¬ 
viation  froia  desired  flight  path,  and  control  wheel/column  motion 
when  the  signal  is  resumed.  This  is  especially  critical  during  the 
final  moments  of  flight. 

(3)  Elements  of  Study 

The  major  activities  during  this  study  will  be  identified  below, 
along  with  key  results. 

Simulations  -  At  Sperry  Flight  Systems,  extensive  flight  control 
systems  analog  simulations  were  performed  to  assess  the  effect  on 
control  system  dynamics  of  MLS  signal  quality.  This  study  and 
detailed  results  are  fully  documented  in  Appendix  A  of  this  report. 

In  this  study,  compatibility  with  existing  flight  control  systems 
(AFCS >  was  considered  of  paramount  importance.  Also  investigated 
were  the  implications  of  future  AFCS  designs  wherein  more  optional 
use  is  made  of  the  MLS  signal.  Key  results  of  this  study  include: 

•  Establishment  of  noise  and  data  rate  values, 
producing  acceptable  AFCS  performance,  which 
are  achievable  in  a  practical  system  design. 

•  Identification  of  a  technique  for  processing 
receiver  output  data  to  reduce  the  effects 
of  receiver  jitter. 

•  Identification  of  potential  problems  asso¬ 
ciated  with  attempting  to  divorce  the  AFCS 
from  other  sensors  by  coupling  more  closely 
to  the  MLS  beam. 

«»  Establishment  of  the  effect  of  bias  errors 
on  touchdown  performance. 

•  Establishment  of  tolerable  levels  of  granula¬ 
rity 

•  Specifications  of  tolerable  signal  interruption 
durations  before  and  during  the  flare  maneuver. 
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Although  the  study  was  oriented  towards  the  most  stringent  MLS 
application,  Cat  III  CTOL  and  STOL  operation,  many  results  were 
extrapolated  to  derive  tentative  requirements  for  ether  facilities 
as  well. 


Multipath  Evaluations  -  From  the  data  base  accumulated  during  the 
TACD  multipath  analysis,  sample  multipath  "signatures"  were  de¬ 
scribed,  and  evaluated  by  Sperry  for  effects  in  AFCS  performance. 
The  cc, .elusion  was  that  multipath  effects  during  final  approach 
and  landing  will  be  tolerable  at  worst  and  will  otherwise  be  es¬ 
sentially  indistinguishable  from  random  error. 


Other  Analysis  -  Accuracy  specifications  were  also  evaluated  to 
ascertain  that  they  will  meet  other  operational  requirements  and 
functional  services.  These  studies  included  consideration  of 


•  decision  height  computation  accuracy 

•  two-step  glidepaths 

•  wide-area  navigation 

•  metering  and  spacing 

•  Altimetry 

•  variable  glideslopes 

•  parallel  runway  operation 

•  rollout 


The  results  generally  indicated  that  sufficient  accuracy  will  be 
available  for  a±l  operations  with  the  possible  exceptions  of 
derivation  of  altimetry  data  throughout  MLS  coverage. 


Also,  values  of  DME  accuracy  were  set  as  a  result  of  the  decision 
height  measurement  tradeoff. 


Miliary  requirements  were  also  reviewed.  This  included  review  of 
existing  specifications  for  Military  tactical  systems  and  estima¬ 
tion  of  carrier  landing  requirements.  Additional  analytical  and 
simulation  work  relative  to  special  requirements  was  identified 
for  Phase  II  of  the  MLS  program. 
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(4)  Summary  of  Results 

Key  results  relative  to  biaB,  noise  and  data  rate  are  indicated  in 
Table  9-'0.  These  are  the  revised  specifications  as  a  result  of  j 

our  study.  In  each  case,  the  corresponding  SC-117  specification 
is  also  given  for  comparison,  along  with  the  method  of  validation. 

It  should  be  noted  that  these  are  tentative  specifications  and  are 
subject  to  extensive  review  and  revision  during  Phase  II.  Quali¬ 
tatively  the  following  general  conclusions  are  made: 

•  Allowable  angular  (AZ,  EL-1,  EL-2)  bias 
errors  are  generally  set  by  positional  dis¬ 
persions  at  the  minimum  guidance  altitude 
(deviations  from  flight  path  or  touchdown 
dispersions)  as  in  ILS. 

•  In  special  situations,  the  angular  bias  is 
limited  by  the  interface  with  other  navi¬ 
gation  systems  (co-located  case)  or  by  devia¬ 
tions  at  "waveoff  windows"  (carrier  landing) , 

•  Where  AFCS  operation  is  applicable,  this 
determines  acceptable  combinations  of  data 
rate  and  angular  noise. 

•  The  combination  of  DME  and  EL-1  errors  are  i 

constraints  by  decision  height  computations. 

•  In  the  special  case  of  aircraft  carrier  land¬ 
ing,  because  of  peculiar  geometry,  the  DME  % 

error  is  limited  by  touchdown  dispersions.  1 

•  Multipath  effects  on  final  approach  and  land-  l 

ing  will  be  tolerable  and  generally  comparable  i 

to  noise  effects.  | 

The  study  also  identified  the  need  for  further  requirements  studies  | 

in  the  areas  of:  ® 

i 

•  carrier  landings 

•  high-performance  military  CTOL  aircraft 
applications 
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TABLE  9-10 

SUMMARY  OF  ACCURACY  AND  DATA  RATE  RESULTS 


X 

o  o  o 


2 

o  O  *r> 


m  h  &  h  \  a 

£v>')  • 


3  I  G  <N 
|  -I 


4  4  I 

•  n  |  r» 

X  I  -« 


□ 

O 

o 

U>  -4 

«A  CD 

o 

83 

So 

M  N 
X  X 

"  J 

*  w 

r*  m 

t 

w 

•  #  •  •  *  “  * 
^  w  «  O  o  o  o 

-h  -i  n  a  m 


a 

0 

o 

•  • 

i/i  in 
r»  r*' 

IN  IN 

•  * 

fN  * 

•N 

N  M 
X  X 

■  **' 

'“r 

o  <n 

*N  •m* 

a 

0 

o 

•  • 

kTI  tA 

r*  r*“ 

<N  IN 

•  • 

-N  <# 

"4  H 

22 

w 

— 

O  %r* 

H  «4 

NO  n 

O  tn 


W  Cl5o  wb  c  H  O  «  H 

Cl  22  2  Z  ~  2  z  -  S 

W  $  ■€  IN  ft  <  *5  ft  <<  tfj  W  < 


Report  10926 


•  VTOL  coupled  approaches 

•  further  optimization  of  MLS  output  data 
processing 

Work  in  these  areas  will  be  carried  out  by  analysis  and  computer 
simulation  during  Phase  II. 

b.  AFCS  Simulation  Study 
(1)  Introduction 

The  Phase  I  simulation  study  and  analysis  conducted  by  Sperry  as 
part  of  the  Phase  I  program  had  the  following  basic  objectives: 

•  to  determine  the  constraints  on  MLS  signal 
quality  requirements  for  compatibility  with 
flight  dynamics  of  typical  CTOL  and  STOL 
transport  aircraft 

•  to  identify,  if  possible,  opportunities  for 
improved  and  simplified  AFCS  designs  that 
might  be  provided  by  sufficiently-refined 
MLS  characteristics. 

The  study  is  covered  in  detail  in  Appendix  A.  This  section  sum¬ 
marizes  the  study  methodology  and  presents  the  major  numerical 
results.  It  also  contains  interpretations  and  extrapolations  of 
the  configuration  K  results  to  other  configuration  specifications. 

The  following  introductory  material  is  excerpted  from  Appendix  A. 

Two  types  of  aircraft,  a  conventional  take-off  and  land  (CTOL)  and 
a  short  take-off  and  land  (STOL) ,  were  chosen  for  the  specific 
studies  conducted  for  this  phase  of  the  MLS  program.  While  study 
of  these  aircraft  is  not  intended  to  provide  representative  specifi¬ 
cations  for  all  aircraft,  it  is  representative  at  a  spectrum  of 
aircraft  involved  in  the  commercial  transport  field  as  it  exists 
now  and  as  it  will  develop  in  future  years.  The  results  obtained 
from  this  study  will  be  applicable  to  commercial  airline  transports, 
light  and  heavy  executive  aircraft,  to  a  lesser  extent  to  small 


i 

i 

i 
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propeller  driven  aircraft,  and  to  the  commercial  and  military  STOL 
vehicles.  The  specific  vehicles  simulated  were  the  Boeing  747  air¬ 
craft,  representative  of  current  high  performance  commercial  trans¬ 
ports,  and  the  deHavilland  Buffalo  C8-A,  representative  of  the 
emerging  class  of  medium  STOL  aircraft. 

The  CTOL  aircraft,  as  it  exists  today,  utilizes  flight  directors 
and  automatic  pilots  configured  to  operate  with  current  localizers 
and  glide  slopes  with  all  the  necessary  compromises  required  to 
provide  acceptable  performance.  Since  the  current  generation  of 
turbo  jet  aircraft  will  be  utilized  for  a  significant  time  after 
MLS  entry  into  the  market,  these  aircraft  constitute  a  retrofit 
market  for  MLS  equipment.  On  this  basis,  its  capability  to  fit 
directly  into  these  aircraft  as  a  replacement  for  the  Vhf  navi¬ 
gation  receivers  forms  one  constraint  on  definition  of  MLS  param¬ 
eters.  Envisioning  a  time  in  the  future  in  which  sufficient  MLS 
coverage  is  provided  throughout  the  world  to  make  it  feasible  to 
design  flight  guidance  equipment  based  upon  the  ubo  of  MLS  only, 
effort  was  expended  to  define  a  preliminary  flight  control  system 
which  was  based  solely  upon  the  use  of  the  Microwave  Landing 
System.  The  primary  objective  of  this  approach  is  to  offer  cost, 
logistics,  and  maintenance  advantages  to  the  aircraft  industry  by 
reducing  the  need  for  peripheral  subsystems  such  as  radar  altimeters 
body-mounted  accelerometers,  central  air  data  computers,  and 
inertial  navigation  systems.  An  additional  benefit  to  be  derived 
from  this  approach  is  an  improvement  in  overall  system  reliability 
by  concentrating  effort  upon  fewer  subsystems  which  are  intimately 
involved  with  lower  weather  minimums  in  the  implementation  of  aur.o- 
matic  control.  This  factor  will  assume  even  greater  importance  a. 
traffic  density  increases  and  the  need  for  greater  utilization  of 
automatic  landings  becomes  more  prevalent. 

To  investigate  problems  involved  with  MLS  application,  an  analog 
simulation  of  the  aircraft  equations  of  motion  and  the  associated 
autopilot  control  laws  was  used.  The  preponderance  of  the  fstudv 
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effort  was  accomplished  by  that  method;  wherever  possible,  however, 
mathematical  analysis  of  specific  problems  was  undertaken  to  define 
requirements.  For  the  purpose  of  these  studies,  the  small  disturb¬ 
ance  equations  of  motion  were  used;  allowing  separation  of  the  air¬ 
craft  simulation  into  3  degree  of  freedom  studies  independently  con¬ 
ducted  for  pitch  and  for  roll  axes.  This  method  is  conventionally 
used  for  approach  studies. 

Inasmuch  as  the  MLS,  fr-  the  purposes  of  automatic  flight  control, 
interfaces  with  the  control  system  only  during  the  approach  phase  of 
flight,  attention  was  directed  primarily  to  the  centerline  azimuth 
capture  and  track  phases  and  the  elevation  capture,  track  and  flare 
portions  of  the  longitudinal  control  problem.  The  analog  computer 
used  was  the  Applied  Dynamic  AD4  computer.  This  computer  is  hybrid 
(analog/digital) ,  facilitating  analog  simulation  of  the  linear  con¬ 
trol  laws  while  providing  digital  arithmetic,  sensing,  and  logic 
functions.  Computer  outputs  were  recorded  in  continuous,  real  time 
displays  using  a  X-Y  plotter,  where  expansion  of  a  particular  phase 
of  an  approach  was  required  (e.g.  the  flare),  and  8  channel  strip 
recorders.  The  recorders  monitored  pertinent  aircraft  and  control 
parameters  such  as  vehicle  attitude,  attitude  rate,  beam  deviation, 
surface  motion,  etc. 

The  study  showed  that  MLS  will,  if  interfaced  with  a  conventional 
autopilot  in  current  usage,  provide  capture  and  track  of  both 
azimuth  and  elevation  1  beams  with  performance  comparable  to  that 
provided  by  ILS,  provided  that  a  signal  format  of  equal  or  more 
stringent  accuracy  than  that  in  our  recommendations  is  used.  The 
use  of  elevation  2  and  DME  range  to  compute  altitude  and  altitude 
rate  for  flare  was  investigated  and  found  to  be  workable  alternative 
to  a  radar  altimeter  referenced  flare  maneuver.  The  results  of  at¬ 
tempting  to  totally  divorce  the  autopilot  from  external  sensors  and 
substitute  beam  rate  as  the  only  damping  term  during  capture  and  track 
were  disappointing.  A  rate  coupled  autopilot  will  require  dependence 
on  additional  sensors,  typical  of  what  is  in  current  usage,  for  the 
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capture  and  initial  track  phase.  As  the  aircraft  descends  to  an 
altitude  where  good  wind  shear  performance  is  required ,  the  appro¬ 
priate  rate  gain  could  be  phased  in  and  other  damping  terms  phased 
out.  This  would  allow  an  "MLS-only"  final  portion  of  the  approach 
prior  to  the  Category  II  window  and  flare  while  avoiding  problems 
of  control  column  and  wheel  activity  during  the  capture  and  early 
track  phase  in  the  presence  of  reasonable  levels  of  noise. 

(2)  Methodology 

The  acquisition  of  data  during  this  program  followed  an  orderly 
pattern  which  was  repeated  for  each  aircraft  or  control  axi6  being 
studied.  For  each  axis,  e.g.  pitch  CTOL  with  a  conventional  auto¬ 
pilot,  analog  beam  runs  of  capture,  track  and  flare  modes  were 
made  with  no  perturbations.  Analog  beam  in  this  case  is  intended 
to  indicate  continuous  signal  inputs  equivalent  to  current,  ideal 
ILS  beams.  A  "run"  is  defined  as  a  single  operating  sequence  on 
the  analog  computer  in  which  generally  only  one  parameter  value  is 
changed  as  a  discrete  input  or  initial  condition  from  the  previous 
studies.  A  set  of  analog  beam  control  runs  were  then  taken  in 
which  various  wind  conditions  were  introduced  to  provide  a  com¬ 
parison  base  for  subsequent  parameter  variations.  Once  control 
runs  were  obtained,  parameters  were  varied  one  at  a  time  throughout 
the  range  considered  pertinent  for  any  particular  variable  {noise, 
data  rate,  etc.).  This  technique  provides  the  basis  for  assessing 
the  effect  of  any  one  change  on  baseline  performance.  The  obvious 
disadvantage  to  this  technique,  however,  is  the  lack  of  any  stat¬ 
istical  base  for  combinations  of  effects.  This  is  significant 
where  considerations  of  turbulence  and  beam  noise  were  involved. 

The  tradeoff  here  in  use  of  the  completely  analog  system  is  that 
all  normally  encountered  non-linearities  could  be  and  were  simulated. 
Significant  non-linearities  which  were  included  in  this  simulation, 
and  incidentally  greatly  influenced  the  results,  were  ground  effects 
for  the  aircraft  and  rate  limiters  in  various  portions  of  the  com¬ 
bined  autopilot  aircraft  system.  Rate  limiters  were  used  on  the 
input  signal  to  non-linearly  attenuate  beam  noise.  Within  the 
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autopilot,  roll  rate  and  displacement  limits  which  exist  within 
virtually  every  autopilot  were  also  simulated.  One  additional 
rate  limit  application  involved  simulation  of  the  hydraulic  actu¬ 
ator  which  significantly  affected  the  response  of  the  control 
column  to  disturbances  associated  with  the  beam. 

In  an  attempt  to  achieve  some  dispersion  data  from  the  analog  study, 
a  computer  run  in  which  a  significant  parameter  was  being  randomly 
varied  was  allowed  to  continue  for  a  sufficient  length  of  time, 
relative  to  the  frequency  content  of  the  disturbance,  so  that  the 
data  obtained  on  the  appropriate  output  could  be  considered  as 
peak- to-peak  or  6  sigma  data.  Consideration  of  these  results  on  a 
2  sigma  basis  then  permitted  combination  of  these  results  assuming 
that  the  random  input  had  been  gaussian  in  nature.  This  approach 
was  used  primarily  with  relation  to  the  effects  of  white  noise 
inputs. 

The  data  utilized  to  arrive  at  the  performance  specifications  were 
derived  from  the  simulations  of 

•  The  conventional  STOL  autopilot  evaluated  for 
capture,  track  and  transition  to  conventional 
radio-altimeter-derived  autoland 

«*  The  conventional  CTOL  autopilot  with  MLS 
inputs  replacing  radio-altimeter  height  and 
height  rate  for  flare. 

•  The  projected  STOL  autopilot  with  MLS  derived 
flare . 

The  result  of  the  "rate-coupled"  autopilot,  with  MLS-only  control 
laws,  generally  tended  to  show  the  need  for  excessively  stringent 
MLS  noise  performance,  especially  in  EL,  capture  and  both  capture 
and  track  in  AZ.  These  results  were  not  used  to  set  requirements. 

Criteria  used  to  set  requirements  are  summarized  in  Table  9-11. 

It  should  be  noted  that  additional  analysis  of  DME/EL  accuracy 
tradeoffs  relative  to  decision  height  computations  have  been  per¬ 
formed  and  are  discussed  in  the  following  section. 
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TABLE  9-11 

CRITERIA  USED  FOR  RECOMMENDATIONS  FOR  CTOL  AND  STOL 


Data  Rat* 

Noise 

Granularity 
Angle  Accuracy 
Interruptions 
Accuracy 


..UmllQILl _ Elevation  2  Allnuth. _ _ D»C 


Cooper  Rating  and  Boats  Noise 

Airborne  Calculations 

Cooper  Rating  and  Data  Rate 

Coluam  Transients  Wheel  Transient! 

Decision  Height  Touchdown  Performance 

Touchdown  Performance 

ClOL  -  Radio  Altimeter 

STOL  -  Touchdown 
Dispersion 
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<35  Noise/Data  Rate  Tradeoffs 

Simulations  -  As  previously  mentioned,  the  principal  effect  of  MLS 
noise,  because  of  its  high  frequency  content,  appears  to  be  on 
spurious  AFCS  control  activity,  most  noticeable  in  control  wheel/ 
column  activity.  For  the  simulation  efforts,  the  critical  phases 
of  flight  were  identified  where  noise  on  each  MLS  beam  was  expected 
to  have  the  greatest  effect  on  control  activity.  These  were: 

EL-1  -  just  before  course  softening  starts 
(1500  ft.  alt.) 

EL-2  -  during  flare 

AZ  -  during  final  portion  of  beam  capture 

For  each  guidance  beam,  control  activity  (inches  or  degrees  dis¬ 
placement)  was  then  measured  by  simulation,  for  a  variety  of  data 
rates  (e.g.,  2.5  Hz  to  20  Hz)  and  beam  noise  levels  (in  degrees). 

Pilot  Acceptability  -  To  evaluate  what  was  an  "acceptable"  amount 
of  noise,  it  was  necessary  to  relate  control  activity  to  pilot 
acceptability,  under  the  assumption  that  pilot's  feel  of  control 
activity  would  be  a  more  sensitive  measure  than  effects  felt  by 
passengers,  and  much  more  sensitive  than  aircraft  deviations  in 
space.  No  adequate  quantitative  data  on  pilot's  reactions  to 
control  column/wheel  motion  was  available  for  this  assessment.  To 
obtain  this  data  base,  a  series  of  tests  were  conducted  at  the 
United  Air  Lines  Training  Facility  in  Denver,  under  contract  to 
Sperry,  in  which  random  column  and  control  wheel  motion  were  intro¬ 
duced  for  a  number  of  pilots  to  experience  during  simulated  landing 
approaches.  As  a  result  of  this  study,  it  was  possible  to  identify 
amplitudes  of  column/wheel  motions  with  Cooper  Ratings.  These 
ratings  indicate  the  pilot's  estimates  of  the  control  system  per¬ 
formance.  This  is  summarized  in  Table  9-12. 
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TABLE  9-12 

PILOT  SENSITIVITY  TO  WHEEL  AND  COLUMN  MOTION 

Pitch  Axle  Row  AxIb 

Column  Motion,  Wheel  Motion, 

Cooper  Inches  Inches  at  Rim 

Rating  Description  (25)  (28) 

2  Good,  pleasant  to  .17  .22 

fly 

3  Satisfactory,  but  .27  .26 

with  some  mildly 
unpleasant  char¬ 
acteristics 

Rate  Limiter  Investigations  -  It  was  found  that,  without  any 
special  processing  between  MLS  receiver  and  autopilot,  only  a  very 
small  amount  of  beam  noise  was  tolerable  in  terms  of  acceptable 
control  activity.  This  was  especially  true  in  the  aircraft  pitc.: 
axis.  Several  methods  of  processing  the  MLS  signal  at  the  receiver 
output  were  then  investigated,  in  hopes  of  removing  at  least  a 
portion  of  the  objectional  sample-to-sample  jitter  before  injection 
into  the  autopilot.  The  most  promising  measure  investigated  was 
the  incorporation  of  a  rate  limiter  at  the  receiver  output.  Figure 
9-3  illustrates  the  action  of  the  rate  limiter.  It  proved  ex¬ 
tremely  effective  at  reducing  the  amount  of  control  activity 
associated  with  a  given  beam  noise  level.  The  effectiveness  of  the 
rate  limiter  is,  however,  bounded  by  at  least  two  factors: 

•  the  rate  limit  must  be  able  to  pass  beam  rates 
corresponding  to  true  aircraft  motion 

•  in  severe  noise,  the  action  of  the  limiter  may 
tend  to  desensitize  the  small-signal  response 
of  the  aircraft  position  loop. 

The  latter  effect  was  nut  completely  evaluated.  However,  the 
desensitisation  apparently  was  not  observed  in  flare  behavior  in 
wind  shear,  where  it  might  have  been  expected. 


ffect  of  Rate  Liir.it  on  Sample/Hold  Output 
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The  rate  limiter  (with  properly  aet  rate  limits)  was  included  in 
the  simulation  runs  from  which  the  specifications  in  this  report 
were  generated.  He  plan  to  continue  our  study  of  the  rate  limiter 
technique  (and  others,  including  time-domain  filtering)  during 
Phase  11  to  identify  an  optimum  method  for  sampled-data  no: se 
reduction. 

Results  -  From  the  data  in  Appendix  A,  obtained  by  the  method  sum¬ 
marized  above,  the  noise/data  rate  tradeoff  curves  in  figures  9-4, 
9-5,  and  9-6  were  generated.  Each  curve  represents  combinations  of 
noise  and  data  rate  that  is  estimated  to  result  in  the  same  amount 
of  control  activity  in  the  AFCS.  The  amount  of  control  activity 
is  indicated  by  a  Cooper  Rating  as  defined  above.  The  objective 
in  each  case  is  to  choose  a  combination  of  noise  and  data  rate 
that  will  fall  on,  or  above  and  to  the  left,  of  the  curve  corre- 
spo  ng  to  “Cooper  #2",  which  describes  a  "good,  pleasant  to  fly" 
conoxtion.  Many  modern  short-  and  medium-range  transports  can  land 
at  standard  runways  to  be  instrumented  with  any  of  the  standard 
MLS  configurations.  Therefore,  it  is  important  that  they,  as  well 
as  K  configurations,  all  have  tolerable  noise/data  rate  specifi¬ 
cations  as  evaluated  in  the  jet  transport.  ThiB  is  especially 
appropriate  for  Cat  II/III  approaches;  for  Cat  I  a  slight  relaxa¬ 
tion  (say  to  Cooper  2-1/2)  might  be  tolerable. 

On  the  figures,  the  SC-117  NoiBe/Data  Rate  specifications  for 
categories  B  through  K  are  shown  sb  open  circles.  It  is  clear  that 
with  the  exception  of  Az,  they  are  generally  unacceptable.  An 
infinite  number  of  possibilities  were  open  to  adjust  the 
specifications . 

We  choose  to  take  advantage  of  the  relatively  high  data-rate  cap¬ 
ability  of.  the  Doppler  technique.  The  system  data  rates  were 
adjusted  as  follows; 

w  For  I/K ,  from  5/10  Hz  (SC-117)  to  7/14  Hz 

•  For  F/G,  from  5  Hz  (SC-117)  to  7  Hz 

•  For  B/D/E,  from  5  Hz  (SC-117)  to  10  Hz 
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For  the  latter  category,  the  data  rate  adjustment  was  higher  to 
allow  slightly  more  noise  on  the  beam  and  reduce  equipment  require¬ 
ments.  This  was  allowable  especially  since  there  are  less  guidance 
elements  in  the  data  format  in  these  configurations. 

At  the  new  data  rates  the  noise  specifications  were  then  adjusted 
to  bring  the  specification  points  slightly  above  the  Cooper  2 
curve,  as  indicated  by  the  solid  circles  on  the  figures. 

with  respect  to  B,  D,  and  E  configurations  in  Azimuth  it  will 
be  noted  that  the  raw  angle  output  noise  is  still  apparently  much 
too  large.  However,  it  must  be  recalled  that,  unlike,  ILS,  the 
MLS  system  will  have  uniform  azimuth  angular  coding  for  simplicity. 

Py  our  present  plan,  there  will  be  no  adjustment  in  the  ground 
equipment  to  make  the  localizer  coursewidth  a  constant  (±350')  at 
threshold  as  it  is  in  ILS.  This  adjustment  will  be  made  auto¬ 
matically  in  the  receiver  (see  functional  services  description) 
and  is  equivalent  to  a  receiver  output  deBensitization  for  shorter 
runways.  For  a  7000-foot  runway  (typical  of  B.D.E.)  relative  to  a 
14,000  foot  one,  the  adjustment  is  approximately  2:1.  This  factor 
cuts  the  effective  noise  into  the  autopilot  by  1/2,  bringing  the 
effective  operating  point  well  into  the  Cooper  #2  curve,  as  illu¬ 
strated  in  figure  9-6.  However,  the  specifications  have  been 
adjusted  so  that  a  slightly  smaller  scale  factor  (corresponding 
to  a  larger  runway)  will  still  produce  satisfactory  results. 

A  similar  set  of  tradeoffs  were  performed  for  K  STOL  (STOL-only 
airport)  using  simulated  responses  of  the  STOL  aircraft.  It  is 
appropriate  to  use  the  STOL  aircraft  as  the  determining  case  here, 
since  CTOL  jet  transports  will  not  be  utilizing  the  K  STOL  facility. 
For  convenience  the  same  data  rates  as  the  standard  K  were  chosen. 

The  above  results  for  CTOL  and  STOL  facilities  are  entered  in  the 
summary  Table  9-10  for  all  civil  and  standard  military  facilities. 
Special  military  considerations  are  covered  in  the  following 
section . 
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(4)  Granularity 

Analog  simulations  wore  also  used  to  define  the  tolerable  limits 
of  spatial  granularity  of  coding.  The  spatial  granularity  is 
defined  as  follows:  in  a  noise-free  environment,  a  given  receiver 
is  moved  slowly  through  the  angularly-coded  signal  in  space.  If 
the  receiver  output  response  with  angle  is  smooth,  there  is  no 
granularity,  if  the  receiv  r  exhibits  a  "staircase"  response 
with  angle,  the  granularity  is  defined  as  the  angle  between  ad¬ 
jacent  steps.  (The  response  may  be  caused  either  by  the  guidance 
signal  generation  technique  or  the  receiver-decoder  technique) . 

It  should  be  noted  that  a  noisy  environment  can  mask  the  granula¬ 
rity  effect. 

The  effect  of  granularity  was  estimated  by  simulating  the  wheel/ 
column  response  to  traversing  a  granularity  step  in  a  noiseless 
environment.  The  response  amplitudes  were  then  related  to  the 
Cooper  #2  value  of  allowable  motion.  The  results  are  presented 
in  Table  9-13.  The  K-CTOL  results  were  then  applied  to  all 
standard-size  runway  facilities,  and  the  K  STOL  results  to  the 
STOL  and  VTOL  facilities. 

(5)  Signal  Interruptions 

The  effect  on  guidance  of  signal  interruptions  is  most  critical  in 
Category  III  operations  below  100  ft.  The  expected  effect  of 
interruptions  is  an  increase  in  landing  dispersions  and  a  change 
in  touchdown  sink  rate.  Simulations  and  calculations  were 
employed  to  determine  the  maximum  tolerable  signal  interruption 
for  each  guidance  element.  The  results  are  summarized  in  Table 
9-14.  These  results  pertain  directly  to  Cat  III  facilities  only. 
Other  interruption  limits  are  defined  in  Section  1.1. 1.1,  Part  A 
on  system  integrity. 
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TABLE  9-13 
GRANULARITY  LIMITS 

CTOL  AFCS  at  STOL  AFCS  at 

Configuration  K  CTOL  Configuration  K  STOL 


AZ 

.025 

.03 

EL 

.01 

.025 

el2 

.035 

.05 

TABLE  9-14 

SIGNAL  INTERRUPTION  LIMITS  FOR  CAT  III  OPERATION 


Guidance  Signal 

Where  Evaluated 

Tolerable  Limits 

K  CTOL  K  STOL 

(seconds)  (seconds) 

EL-1 

Just  before  flare 
initiation 

3 

3 

EL- 2 

During  Flare 

0.  5 

0.  5 

AZ 

Just  before  touchdown 
(in  shear) 

2 

2 

DME 

During  Flare 

2 

2 
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(6)  Angular  Bias 

Angular  bias  (referred  to  as  "angle  accuracy"  in  Appendix  A)  was 
investigated  by  simulations  to  determine  the  effects  on  touchdown 
dispersions  during  Cat  III  operations.  Utilizing  budgeted  amounts 
of  the  acceptable  touchdown  dispersions  (±750  ft  (2  a)  longitudin¬ 
ally  and  ±27  ft.  (2<r)  laterally,  per  FAA  specifications).  The 
tolerable  limits  on  angular  bias  were  derived  and  are  given  in 
Table  9-15.  It  should  be  noted  that  the  EL-1  bias  figure  at  ±0.2° 
(2«)  is  considerably  larger  than  the  SC-117  specification  of  ±.06° 
(2a).  This  occurs  because  the  Cat  III  flare  law  is  apparently  very 
"forgiving"  to  EL-1  beam  deviation  at  flare  initiation.  however, 
it  is  questionable  whether  this  would  be  acceptable  in  terms  of 
Cat  II  operation  at  3°  glideslope.  In  addition,  the  bias  accuracy 
of  EI.-l  is  also  constrained  by  the  requirement  to  compute  decision 
height;  this  is  covered  in  a  following  subsection. 

(7)  DME  Error 

Simulations  showed  that  acceptable  touchdown  dispersions  in  CAT 
III  operations  were  obtained  with  DME  errors  as  follows: 

±32.5  feet  (1  a  )  for  CTOL  aircraft 
±22  feet  (la)  for  STOL  aircraft 

The  difference  between  the  two  is  attributable  to  different  flare 
geometries. 

It  happens  that  DME  may  be  further  constrained  by  the  computation 
of  decision  height.  In  fact,  decision  height  is  the  only  restric¬ 
tion  at  category  I  and  II  facilities.  There  is  a  discussion  on 
decision  height  accuracy  in  a  following  subsection. 

c.  Other  Accuracy  Considerations 

Hazeltine  has  reviewed  a  number  of  operational  considerations 
relating  to  accuracy  in  addition  to  those  directly  associated  with 
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TABLE  9-15 

ANGLE  ACCURACY  REQUIREMENTS  FROM  DYNAMIC  SIMULATIONS 


Criterion 

Acceptable 

STOL 

(2c) 

Accuracy 
STOZ 
_£2») _ 

EL-1 

Touchdown  Dispersion 

+  .2 

±.2 

(Decision  Height) 

(±.06! 

(.06) 

EL-2 

Touchdown  Dispersion 

i .  05 

±.09 

AZ 

Touchdown  Dispersion 

t .  o  4 

i.  2 

the  Sperry  simulation  studies  reported  above.  Discussed  in  this 
section  are: 

•  A  review  of  the  adequacy  of  accuracy  specification  for 
phases  of  approach  and  landing  not  fully  covered  above: 

navigation  in  the  terminal  area 
performance  in  metering  and  sequencing  systems 
-  parallel  runway  operation 
decision  height  computation 
execution  of  two-step  ylidepaths 
rollout  guidance 

•  A  review  of  special  accuracy  requirements  relating  to 
military  applications: 

co- located  VTOL  guidance  system 
shipboard  landing  system 

The  results  of  these  studies  can  be  related  to  the  summary  of 
Table  9-10. 

(1)  Terminal  Area  Navigation 

Support  of  the  terminal  airspace  area  navigation  capability  by 
use  of  MLS  is  fundamental  to  the  requirement  for  wide  angular 
coverage  and  is  therefore  nominally  applicable  throughout  MLS 
coverage  (outside  of  1-2  nmi  radius  around  threshold) . 
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Lateral  Accuracy  -  It  the  MLS  is  utilised  with  an  RNAV  system 
v/itnin  the  terminal  area,  it  should  be  capable  of  significantly 
better  performance  than  VOR-based  area  navigation.  A  survey  of 
minimum  operational  characteristics  of  RNAV  systems  (Ref  10)  in¬ 
dicated  the  best  VOR  performance  to  be  expected  is  ±1.1°  (2a) 
accuracy  and  DME  aggregate  error  of  ±0.2  nmi.  Additionally,  an 
area  nav  equipment  error  and  pilotage  errors  of  ±0.2  nmi  are  also 
given.  In  view  of  these  errors  in  existing  eauipment,  it  is  pro¬ 
posed  that  an  MLS  caused  error  of  0.1  nmi  (2  a)  would  be  a  mean¬ 
ingful  improvement,  and  probably  a  smaller  error  would  not  mater¬ 
ially  reduce  the  overall  RLAV  performance  when  combined  in  RSS 
with  other  errors.  It  is  proposed  to  consider  this  accuracy 
figure  at  the  limits  of  coverage  (viz  25  nmi)  at  any  azimuth. 

This  corresponds  to  an  angular  specification  of  ±1/4°  (2a)  or 
DME  range  accuracy  of  ±300  ft.  (la).  Referring  to  Taele  10,  these 
accuracies  are  approximated  or  bettered  by  the  runway  centerline 
accuracies  of  all  configurations  listed.  In  addition,  the  nature 
of  the  doppier  technique  is  such  that  the  azimuth  and  DME  accur¬ 
acies  of  the  Cat.  I I/III  configurations  probably  will  not  degrade 
sufficiently  off-axis  to  approach  the  area  navigation  specifica¬ 
tion  in  any  case.  Therefore  it  is  expected  that  an  area  naviga¬ 
tion  specification  of  approximately  ±0.1  nmi  (2a)  lateral  error  in 
flight  pa  n  anywhere  in  MLS  coverage  is  achievable. 

Vertical  Measurement  Accuracy  -  Complete  3-dimensional  area 
navigation  would  be  provided  with  the  inclusion  of  a  sufficiently 
precise  vertical  measurement  system.  A  key  MLS  issue  is  whether 
a  practical  vertical  system  can  provide  the  required  altimetry 
accuracy  throughout  the  coverage  volume. 

The  required  accuracy  is  taken  from  the  Minimum  Operational 
Characteristics  of  VHAV  systems  (Ref.  11)  as  ±90  ft  (3a)  during 
final  approach  (5000  ft.  altitude  and  below)  and  ±200  ft.  (3a) 
during  Terminal  Area  maneuvers  (10,000  feet  altitude  and  below) . 
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The  proposed  EL-1  accuracy  requirement  for  the  K  configuration 
based  on  other  constraints,  will  be  evaluated  for  compliance  with 
required  altimetry  accuracy.  The  EL-1  accuracy  requirement  is 
(Table  9-10) 

Bias  .06°  (2a ) 

Noise  .08°  (2a) 

We  assume  for  purpose  of  altimetry  that  the  noise  error  is  put 
through  a  1-second  filter.  Bias  plus  filtered  noise  yields  an 
RS3  equivalent  angular  error  of  .  067°  (2 o)  .  Figure  9-7  shows  the 
relationship  of  height  error  to  range  for  .067°  elevation  error 
and  for  an  error  twice  that  value,  assuming  degradation  in  accur¬ 
acy  off-centerline  as  allowed  in  the  SC-117  specification  (the 
contribution  of  DME  error  resolved  into  the  vertical  plane  is 
relatively  snail  and  is  neglected) .  The  altimetry  accuracy  goals 
are  also  plotted.  Assuming  the  terminal  area  goal  were  to  be 
met  everywhere,  out  to  25  nni  range,  the  required  EL-1  error 
would  have  to  be  about  20%  smaller  and,  more  significantly,  no 
off-axis  degradations  at  all  would  be  permitted.  This  could 
result  in  a  more  stringent  requirement  in  the  angle  guidance 
equipment  than  would  otherwise  be  necessary. 

It  has  been  asserted  that  barometric  altimetrv  and  MLS-derived 
altimetry  are  incompatible  in  the  sane  airspace  because  changes 
in  local  pressure  would  result  in  changes  in  separation  between 
aircraft  on  different  systems.  If  this  is  so,  then  MLS-derived 
altimetry  would  be  inapplicable  over  a  wide  volume  unless  all 
aircraft  within  the-  volume  have  MLS  height  computation  compati¬ 
bility  and  this  is  considered  unlikely  for  the  entire  terminal 
airspace. 

However,  it  is  possible  that  a  subvolume,  e.u.  STOL  marshalling 
area  at  low  altitudes  might  be  reserved  nearer  to  the  runway  for 
purposes  of  sequencing  these  aircraft  into  final  approach.  Such 
a  volume  would  naturally  be  off-centerline  and  might  lie  within 
a  5-nmi  radius  of  the  airport,  in  which  case  MLS  with  the  stated 
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accuracy  wight  be  satisfactory  in  a  very  limited  way  for  altimetry. 
There  are  many  issues  concerning  MLS-derived  altimetry.  These 
are  discussed  in  the  section  on  System  Trades  (1.1.2) 

(2)  Sequencing  and  Spacing 

MLS  must  provide  sufficient  accuracy  so  that  it  will  not  he  a 
constraint  on  airport  capacity  in  the  future.  A  typical  metering 
and  spacing  concept  will  call  for  approach  tracks  on  which  each 
aircraft  will  make  good  (via  ATC  vectoring  or  on-board  control) 
time  of  arrival  at  the  approach  gate  bv  utilizing  path  stretching 
maneuvers,  speed  control,  or  both.  In  the  case  of  onboard  control, 
MLS  may  be  used  to  generate  corrective  commands  and  therefore 
must  be  sufficiently  accurate  so  as  not  to  degrade  tine-of-arr iva 1 
at  the  gate.  The  goal  for  arrival  at  the  final  approach  gate  is 
i5  seconds  {la).  Typically  this  gate  may  be  5  miles  from  thresh¬ 
old.  An  aircraft  may  arrive  at  the  approach  gate  from  any  direc¬ 
tion  relative  to  the  runway  heading. 

Assuming  an  aircraft  ground  speed  of  120  kts,  an  error  in  time 
corresponds  to  an  along  track  position  error  of  approximately 
1000  ft.  Comparing  this  positional  error  to  the  MLS  measurement 
errors  at  5  n.mi  range,  it  is  obvious  that  MLS  errors  will  form 
a  very  smalt  part  of  the  overall  along- track  error.  For  a  K 
CTOL  configuration  the  along  track  error  would  be  approximately 
+30  ft.  CU)  regardless  of  whether  the  error  is  DME  or  azimuth- 
predominant.  At  a  K  STOL  configuration,  the  error  would  be 
between  ±30  ft.  and  t55  ft.  It  is  concluded  tnat  MLS  accuracy  is 
more  than  adequate  for  meeting  g^te  arrival  precision  rea ui remen ts . 

(3)  Parallel  Runway  Operation 

Although  not  every  K  configuration  may  serve  in  a  parallel  runway 
environment,  this  will  in  some  instances  be  an  operational  require¬ 
ment,  so  that  adequate  MLS  guidance  accuracy  is  assured.  An 
analysis  in  the  ATCAC  report  (Ref.  12,  p.  271)  analyzes  a  control 
strategy  involving  aircraft  in  approaches  to  parallel  runways 
with  runway  separation  treated  as  a  parameter,  and  a  500-ft  wide 
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buffer  zone  midway  between  runways  which  aircraft  are  never  to 
enter. 

Aircraft  maintain  course  within  a  normal  operating  zone  (IIOZ) 
centered  on  each  extended  runway  centerline.  The  width  of  the 
zone  depends  on  onboard  positioning  accuracy.  The  ground-based 
Data  Acquisition  System  (DAS)  monitors,  aircraft  about  to  leave 
the  hOZ  and  relays  corrective  commands  t.o  them.  Using  this 
strategy,  minimum  allowable  runway  separation  vs.  DAS  positioning 
error  was  plottid  in  •  he*  ATCAC  report  for  various  NOZ  widths  and 
is  reproduced  in  figure  9-8. 

The  goal  is  to  achieve  simultaneous  operations  at  2500  ft.  runway 
separation.  DAS  position  errors  are  now  approximately  380  ft. 

With  improved  DME  and  interrogator  direction  finding  techniques, 
improvement  to  approximately  200  ft.  can  be  expected  in  the  DAS 
system.  For  the  desired  runway  spacing,  a  NOZ  width  of  400 
feet  or  ±200  ft.  is  needed,  and  this  is  assumed  to  correspond  to 
a  ±200  ft.  (2  a)  lateral  aircraft  position  deviation  while  under 
MLS  control.  It  is  assumed  that  MLS  control  for  this  purpose  is 
required  starting  at.  iO  ami  from  threshold.  A  portion  of  the 
lateral  aircraft  deviation  is  attributed  to  MLS  azimuth  measure¬ 
ment  accuracy.  Only  the  bias  term  is  considered,  inasmuch  as 
the  aircraft  position  loop  response  filters  out  most  of  the  noise. 
For  a  K  CTOL  configuration  the  AZ  bias  errors  at  10  nmi  from 
threshold  produce  a  linear  deviation  of  ±54  feet  (2a)  which  is 
approximately  7%  of  the  allowable  positional  variance.  Similarly, 
the  configuration  F  azimuth  accuracy  will  produce  a  ±83  ft.  (2a) 
deviation,  which  is  174  of  the  allowable  positional  variance. 
Therefore,  either  the  Cat.  II  or  Cat  III  CTOL  system  should 
have  sufficient  accuracy  for  parallel  runway  operation. 

(4)  Decision  Height  Computation 

Most  users  will  obtain  decision  heigh:  indications  via  height 
above  runway  as  computed  from  EL-1  aal  DME  measurements.  It  is 
necessary  that  the  resultant  error  in  decision  hqight  be  accept¬ 
ably  small,  i.e.  no  larger  than  allowable  errors  by  today's 
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Figure  9-8.  Parallel  Runway  Operation  Requirements 
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standards.  The  principal  difference  between  MLS  and  present 
practice  is  that  decision  height  indications  must  be  provided 
for  \  wide  range  of  possible  glideslopes. 

The  error  in  computed  decision  height  is  a  combination  of  errors 
in  EL-1  and  DME .  Figure  9-9  shows  the  composition  of  decision 
height  error  and  the  associated  geometry.  It  is  noted  that  the 
error  contributed  by  DME  increases  with  glideslope  gle  and  that 
contributed  by  a  constant  EL-1  angular  error  decreases  corre¬ 
spondingly.  We  make  the  assumption  that  at  a  given  decision 
height  (say,  t  e  Cat.  II  height,  100  feet)  the  same  maximum 
decision  height  rror  requirements  (in  feet)  applies  regardless 
of  glideslope.  Then  the  lowest  glideslope  used  at  the  facility 
will  determine  an  EL-l  accuracy  constraint,  while  the  highest 
glideslope  will  determine  a  DME  accuracy  constraint.  These  con¬ 
straints  are  naturally  a  function  of  the  allowable  decision  height 
error  assumed.  A  figure  for  acceptable  decision  height  error 
must  be  determined.  For  Cat.  II  operations  today,  two  methods 
are  used  for  obtaining  decision  height;  radar  altimeter  and  inner 
marker.  As  indicated  in  Appendix  A,  the  radar  altimeter  errors 
at  low  altitude  (including  indicator  error)  are  typically  +5  ft. 
(2j)  assuming  uniform  terrain.  The  error  associated  with  use  of 
the  inner  marker  is  composed  of  (1)  the  error  associated  with 
measuring  precisely  when  one  is  over  the  nominal  marker  beacon 
position  and  (2)  the  aircraft's  vertical  deviation  from  Lhu  de¬ 
sired  glidepath.  To  obtain  a  conservative  estimate  of  accuracy 
for  this  case,  we  ignore  contribution  (1)  and  use  the  FAA  certi¬ 
fication  requirements  for  aircraft  deviation  of  112  ft.  (2-0  . 

Although  it  woulu  be  preferable  to  utilize  the  more  stringent  of 
those  decision  height  accuracies,  it  happens  that  an  unrealistic- 
ally  severe  requirement  on  DME  accuracy  results  if  one  wishes  to 
support  glideslopes  above  6°.  It  is  necessary  to  consider  such 
glides  opes  in  view  of  possible  future  aircraft  development.  It 
believed  however,  that  the  ±5  ft.  requirement  in  overly 
jtringent  when  compared  wi ta  typical  pilot/aircraft  reaction 
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times  during  final  descent.  A  ±12  foot  (2a)  requirement  would 
be  equal  to  approximately  ±1  second  (2<r)  at  typical  descent  rate. 

The  situation  for  Cat.  I  is  less  clear,  inasmuch  as  barometric 
altimetry  is  also  permissible  for  decision  height  indications. 

Here  a  conservative  figure  of  30  feet  (2a)  is  assumed. 

Tradeoff  curves  are  presented  in  figure  9-10  which  show  accept¬ 
able  combinations  of  EL-1  and  DME  error  as  a  function  of  decision 
height  and  glideslope,  using  as  a  criteria  the  decision  height 
accuracies  discussed  above.  Also  indicated  are  typical  values  of 
EL-1  angular  error  as  given  in  Table  9-10.  The  resultant  DME 
errors  required  are  assumed  to  consist  of  equal  parts  of  bia3  and 
noise.  For  the  Cat.  Il/lII  systems  to  produce  acceptable  decision 
height  accuracies  of  approximately  20‘  bias  (1*)  and  20*  noise  (lv) 
is  required.  However,  Cat.  II  operations  at  such  high  glideBlopes 
may  not  prove  practical  in  the  foreseeable  future.  If  no,  then  a 
lower  maximum  glideslope  may  be  chosen.  If  a  7.5°  glideslope  is 
used,  the  required  DME  accuracy  is  approximately  32  feet  (lu)  bias 
and  noise  respectively.  For  Cat.  II/III  then,  it  is  recommended 
that  the  overall  system  capability  be  available  to  generate  accept¬ 
able  decision  heights  for  fucure  glideslopes,  but  for  those  air¬ 
craft  using  glideslopes  lower  than  7.5°,  a  reduced  DME  capability 
ia  sufficient. 

For  a  D  configuration,  the  required  DME  accuracy  to  support  de¬ 
cision  height  accuracy  on  a  6°  glideslope  is  approximately  100' 

(la )  bias  and  noise.  These  recommendations,  and  analogous  ones 
for  the  other  configurations  were  included  in  the  summary  Table 
9-10. 

(5)  Glideslope  Accuracy  Considerations 

It  is  instructive  to  determine  the  effect  of  relaxing  the  EL-1 
accuracy  requirements  for  higher  glideslopes.  As  a  possible 
approach,  consider  the  implication  of  the  SC-117  bias  accuracy 
specifications.  These  were  given  in  feet  rather  than  in  angular 
terms.  A  possible  interpretation  is  that  this  linear  accuracy  is 
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to  be  achieved  at  a  given  height  (the  minimum  guidance  altitude) 
for  all  glideslopes.  Thus,  a  greater  angular  error  would  be 
tolerable  at  higher  glideslopes.  Consider  the  numerical  examples: 


Glideslope 

3° 

6° 

6° 


EL-1  Error 

Altitude 

Altitude 

±0.06° 

50' 

±1' 

±0.06° 

50’ 

±0.5' 

±0.12° 

50' 

±1* 

An  elevation  system  which  provides  minimum  glideslopes  of  6°  need 
have  only  half  the  angular  accuracy  of  one  which  provides  minimum 
glideslopes  of  3°,  to  achieve  the  same  precision  in  vertical  posi¬ 
tioning  at  the  minimum  guidance  altitude.  The  significance  lies 
in  the  fact  that  there  are  two  MLS  configurations  that  need  not 
supply  guidance  for  3°  glideslopes:  the  military  E  (co-located) 
and  the  K-STOL.  Both  are  estimated  to  require  a  minimum  usable 
glideslope  of  5°.  Their  EL-1  accuracies  have  been  adjusted  up¬ 
wards  by  a  factor  of  5/3  over  the  corresponding  standard  K  and  E 
configurations.  As  a  check  on  the  accuracy  of  decision  height 
computations,  an  examination  of  figure  9-10  will  indicate  that 
the  •'ccuracy  tradeoff  is  very  insensitive  to  increased  angular 
e  *•  _>is  in  the  region  of  interest.  In  addition,  it  will  be  recalled 
vhat  the  simulation  study  showed  that  touchdown  dispersions  are 
very  insensitive  to  bias  error  in  EL-1.  Therefore,  the  relaxa¬ 
tion  in  bias  accuracy  requirements  for  these  facilities  meets 
the  three  texts:  linear  deviation  from  glideslope  decision  height 
computation  and  touchdown  dispersion. 

(6)  Two-Step  and  Offset  Glide  Paths 

The  ability  to  support  a  two-segment  glide  path  (for  noise  abate¬ 
ment  or  other  purposes)  is  recognized  as  a  possible  constraint  on 
DME  and  EL-1  accuracy.  A  two-segment  glide  path  is  characterized 
by  an  initial,  steep  glidepath,  transitioning  at  a  specified 
height  AGL  to  a  final,  shallower  glidepath.  To  evaluate  MLS 
requirements,  it  is  necessary  to  consider  practical  limits  for 
two-step  maneuvers  performed  by  fixed-wing  aircraft  near  the 
ground,  the  positional  accuracy  required  during  maneuvers,  and 
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tradeoffs  between  DME  and  EL-1  measurement  accuracies  to  achieve 
the  required  positional  accuracy. 

A  basic  assumption  must  be  made  concerning  the  allowable  deviation 
from  programmed  flight  path  at  various  heights  during  the  maneuver. 
On  a  simple  3°  glidepath  within  700  feet  of  ground  level,  category 
II  ILS  requires  a  maximum  of  ±35nA  (or  ±12  feet)  2 o  deviation  from 
nominal  glidepath  (Ref.  13).  The  35„A  constraint  is  an  angular 
specification  sc  that  glidepath  deviation  in  feet  is  proportional 
to  aircraft  height  above  runway  level.  Specifically,  the  rms 
allowable  error  comes  out  to  approximately  3.4%  of  height  above 
the  runway  level.  Higher  glideslopes  will  probably  use  propor¬ 
tionally  wider  elevation  course  widths  than  the  3°  glideslcpe, 
implying  also  that  the  permissible  deviation  from  glidepath  will 
also  be  proportionally  wider.  If  so,  then  the  result  is  that  the 
glidepath  error  will  be  a  function  of  altitude  and  not  the  parti¬ 
cular  glidepath.  Extrapolating  to  a  two-step  maneuver,  we  can 
define  the  permissible  error  at  any  given  altitude  as  a  constant 
fraction  of  that  altitude.  This  concept  is  illustrated  in  Figure 
9-11.  The  FAA  rule  stated  above  is  used  to  define  this  fraction. 

The  present  study  has  investigated  the  errors  in  maintaining 
initial  glideslope  during  the  moments  before  transition  to  final 
glideslope.  The  initial  glideslope  is  really  a  path  to  an  offset 
glidepath  intercept  point  (GPIP) ,  and  is  evaluated  at  the  inter¬ 
cept  height  as  illustrated  in  Figure  9-12.  The  MLS  system  is 
considered  as  a  position  measuring  system  in  the  vertical  plane. 
The  errors  in  EL-1  and  DME  measurements  create  an  uncertainty  in 
position  measurement,  shown  as  an  error  ellipse  in  the  figure. 

The  ellipse  is  a  function  of  the  measurement  accuracy  and  the 
geometry  of  aircraft  location  relative  to  the  guidance  elements, 
and  is  not  a  function  of  the  velocity  '  ector.  The  ellipse  is 
defined  so  that  the  projection  of  the  ellipse  perpendicular  to 
any  given  flight  path  indicates  the  rms  deviation  in  position 
measurement  relative  to  that  flight  path.  Whereas  if  the  glide- 
path  were  not  offset,  EL  error  alone  would  determine  the  glide- 
path  deviations,  the  offset  glidepath  error  is  a  combination  of 
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Figure  9-12.  Composition  of  Offset  Glidepath  Error 
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contributions  of  both  EL^  and  DME  errors  as  shown.  (There  is 
negligible  difference  in  results  whether  DME  1b  co-located  with 
EL-1  cr  located  at  runway  stop  end) .  The  formula  for  the  approx¬ 
imate  error  in  offset  glidepath  has  been  derived  by  Hughes  (Ref.  14) 
and  is  indicated  on  the  figure. 

Tradeoff  curves  of  DME  error  vs  EL  angular  error  were  prepared 
using  the  above  formulas  to  illustrate  what  is  required  to  support 
various  two-step  operations.  Several  such  curves  are  plotted  in 
figure  9-13.  Each  curve  represents  a  constraint  defined  by  initial 
glidepath,  final  glidepath  and  transition  height.  The  position 
measurement  accuracy  constraint  was  chosen  so  that  MLS  contributes 
a  50%  variance  to  tolerable  aircraft  deviations  from  initial  glide- 
path  at  the  transition  height. 

All  points  lying  within  a  given  constraint  curve  denote  acceptable 
combinations  of  EL  and  DME  errors  for  flying  the  maneuver  associated 
with  the  curve.  Points  art  indicated  for  Cat.  I ,  II  and  III  systems 
per  the  specifications  in  Table  9-10.  It  is  concluded  that  Cat.  II/ 
III  MLS  accuracies  will  be  sufficient  to  support  a  wide  range  of 
possible  two-step  maneuvers;  probably  a  wider  range  than  will  prove 
necessary  for  sometime  to  come.  Furthermore,  Cat.  I  MLS  bias  accur¬ 
acies  are  sufficient  to  support  6°/3°  transition  at  approximately 
400  feet  altitude.  This  may  be  a  practical  maneuver  to  consider 
for  all  runway  facilities. 

(7)  Rollout  Guidance 

Rollout  guidance  is  primarily  a  Cat.  Ill  requirement.  MLS  is  to 
supply  A2  and  DME  guidance  to  steer  the  aircraft  along  the  runway, 
generate  turnoff  areas,  measure  runway  remaining  and  possibly 
steer  the  aircraft  through  the  turnoff  onto  the  taxiway.  Precise 
requirements  have  not  been  spelled  out  with  regard  to  rollout 
guidance,  but  some  consideration  has  been  given  to  the  capability 
of  MLS  to  perform  adequately  in  this  regard. 

With  respect  to  lateral  guidance  on  the  runway,  it  is  presumed 
that  the  azimuth  accuracy  is  sufficient  if  it  already  meets  touch- 
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With  respect  to  distance  and  velocity  measurements  during  rollout, 
an  analysis  in  Section  1.1. 1.1,  Part  G  shows  that  the  following 
performance  is  achievable  with  the  DME  baseline  equipment  design: 

2 

Condition:  10  ft/sec  deceleration 

Results:  velocity  error  «  10  mph 

distance  error  =  ±20  feet  bias  (1») 

±20  feet  noise  (1<t) 

A  discussion  with  UAL  consultants  indicated  that  this  performance 
appears  adequate  for  manual  control  of  aircraft  speed  during  de¬ 
celeration  and  for  generation  of  exit  cues. 

With  respect  to  the  accuracies  required  for  guidance  on  turnoffs 
and  (taxiways,  it  has  been  shown  (Ref.  15)  that  a  very  stringent 
DME  accuracy  (±3.6  ft.  l<r)  may  be  required  for  rollout  on  a  75 
foot  wide  taxiway.  We  believe  this  points  up  a  need  to  define 
the  high-speed  turnoff  configurations,  taxiways,  distance  from 
runway  to  which  guidance  must  be  prc/lded,  typical  steering  errors 
and  other  significant  determinants  of  performance  before  a  require¬ 
ment  may  be  stated  for  this  phase  of  airport  guidance.  Further, 
the  question  of  whether  the  MLS  system  should  be  charged  with 
primary  responsibility  for  off-runway  guidance  is  still  to  be 
determined. 

(8)  Military  Transportable  Systems  Requirements 

The  findings  of  the  simulation  and  analyses  of  signal  quality  were 
reviewed  for  applicability  to  the  military  transportable  systems 
serving  fixed  and  rotary-wing  aircraft  at  short  fields  or  heli¬ 
copter  pads. 

Three  configurations  were  considered: 

•  E  co- located  (primarily  VTOL) 

•  E  split-site  (VTOL  and  CTOL) 

•  G  split-site  (VTOL  and  CTOL) 

The  tentative  performance  requirements  are  given  in  the  summary 
Table  9-10.  These  were  extrapolated  from  the  similar  civil  systems 
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evaluated  with  some  exceptions.  The  following  describes  the 
general  rationale  used: 

Bias  -  Elevation  bias  for  the  split-site  configurations  was  made 
identical  to  that  specified  £or  the  corresponding  civil  system 
since  diversity  of  vertical  profiles  are  presumed  to  apply. 

For  the  co- located  system,  the  MLS  RFP  appendix  states  that  the 
minimum  glideslope  for  this  facility  will  be  5°.  The  bias  error 
was  adjusted  upward  to  produce  the  same  vertical  deviation  in 
feet  that  is  produced  on  a  3°  glideslope  at  a  conventional  D/E 
configuration. 

Azimuth  bias  was  reviewed  for  both  deviations  at  runway  threshold 
and  for  compatibility  with  other  navigation  systems.  With  respect  , 
to  the  latter  criterion,  the  lateral  error  at  maximum  range  (10 
nmi)  was  set  to  be  no  greater  than  errors  achievable  from  Loran, 
which  is  presently  the  most  precise  tactical  radio  navigation  sys¬ 
tem.  Loran  accuracies  were  taken  (optimistically)  as  0.05  nmi  or 
±300  ft.  [2a).  The  equivalent  azimuth  angular  bias  error  is  ±0.26° 
(2a) .  This  errcr  specification  will  also  satisfy  lateral  deviation 
requirements  at  decision  height  for  runways  up  to  approximately 
7000  feet  in  length. 

Noise  and  Data  Rate  -  The  split-site  systems  presumably  will  serve 
fixed-wing  aircraft  making  coupled  approaches,  and  therefore  the 
results  of  the  simulation  studies  were  used.  -The  data  rate  for 
these  systems  was  set  at  10  Hz  to  take  advantage  of  the  fact  that 
only  two  guidance  functions  are  present  on  the  signal  format. 

For  the  co-located  system  it  is  unclear  as  to  whether  it  is  planned 
for  VTOL  aiicraft  to  perform  only  manual  approaches  or  coupled 
approaches  as  well.  (The  tolerability  of  beam  noise  during  a  coupled 
VTOL  approach  was  not  assessed  during  Phase  I,  but  it  is  planned 
in  Phase  II  to  conduct  an  initial  VTOL  simulation  study  to  provide 
a  data  base  in  this  area.) 
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Present  systems  serving  only  manual  VTOL  approaches  have  noise 
levels  considerably  above  those  allowable  for  coupled  CTOL  and 
STOL  approaches  (and,  by  extrapolation,  probably  coupled  VTOL 
approaches  as  well).  These  systems  utilize  smaller  antennas 
than  would  otherwise  be  required.  Therefore,-  in  order  to  facil¬ 
itate  the  achievement  of  a  highly  portable  system,  i.t  was  assumed 
(subject  to  further  review  with  uBers)  that  the  co- located  system 
will  not  be  required  to  support  coupled  approaches. 

It  was  then  necessary  to  estimate  a  tolerable  level  of  beam  noise 
for  a  manual  approach.  It  was  assumed  that  the  major  effect  of 
excessive  ncise  is  to  produce  a  jitter  in  the  deviation  indicator 
that  is  annoying  to  the  operator.  A  needle  jitter  of  approximately 
1/20  coursewidth  is  believed  to  be  acceptable.  A  beam  noise  spec¬ 
ification  of  0.2°  {2a)  in  Elevation  and  0.3°  {2a)  in  Azimuth  were 
chosen  to  produce  an  acceptable  needle  jitter  under  the  following 
assumptions  s 

data  rate  =  10  Hz 

receiver  output  filter  time  constant  -  0.5  sec 
localizer  course  width  =  ±2.75° 
glideslope  course  width  =  11.75° 

Coursewidth?  were  obtained  from  the  U.S.  Army. 

Tactical  Landing  System  (TLS)  specification  (Ref.  18)  assuming 
a  minimum  glideslope  of  5°,  as  indicated  for  the  co- located  sys¬ 
tem  in  the  KI.3  R'o'P,  When  combined  in  RSS  with  bias  errors  for  the 
E  co-located  system,  the  results  compare  favorably  to  total  TLS 
accuracy  specifications.  The  specification  for  this  system  will 
be  thoroughly  reviewed  during  Phase  II  based  on: 

review  with  users 

r.ew  data  available  from  the  E  feasibility  model 
results  of  VTOL  flight  simulations 

(9)  Carrier  Landing  System  Requirements 

The  landing  system  concept  being  considered  for  carrier  applica¬ 
tion  is  discussed  in  the  prototype  plan.  This  system  is  envis¬ 
ioned  to  perform  the  functions  of  both  the  SPN-42  and  SPN-41  and 
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consists  of  separate  elements  to  be  placed  in  each  of  their  re¬ 
spective  existing  locations. 

"System  A"  performs  tne  all-weather  landing  function  of  the  SPN-42 
"System  B"  provides  guidance  to  Category  I  ("Mode  II")  decision 
heights  and  also  provides  flight  path  monitoring  for  System  A 
operation . 

An  examination  of  the  factors  involved  in  determining  adeouate 
landing  system  performance  in  the  carrier  situation  indicated  than 
special  detailed  analyses  and  possible  simulation  work  was 
needed  to  provide  an  independent  estimate  of  require  .ents. 

Uniqua  factors  affecting  performance  are: 

•  carrier  motion 

•  guidance  element  geometry 

•  control  system  stability:  remote  target  tracking  vs 
on-board  flight  path  computation 

•  stabilization  accuracy 

•  multipath  effects 

A  detailed  study  of  these  problems  is  planned  for  Phasa  II. 

In  the  interim,  we  are  using  as  a  baseline  the  existing  specirica- 
tions  for  the  SPN-41  and  SPN-42  (Refs.  19,  20,  21).  These  are: 

SPN-42 

Bias  (both  axes)  =  . 3  milliradians  (la) 

=  .  034°  (2(7) 

Noise  (both  axes)  =  .4  milliradians  (laj 

=  .  046°  (2  a) 

Range  Accuracy  =  10  feet 
SPN-41 

Bias  and  Noise  (Azimuth)  -  +0.2°  (2o) 

Bias  and  Noise  (Elevation)  -  ±0.1°  (2a) 
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In  the  absence  of  specific  information,  the  latter  specifications 
were  split  evenly  between  bias  and  noise. 

A  brief  examination  of  existing  specifications  in  light  of  opera¬ 
tional  r°quirements  was  made  to  assess  differences  compared  to 
other  MLS  configurations  and  to  identify  any  areas  of  possible 
relaxation  of  requirements. 

•  Dias  errors  were  evaluated  in  terms  of  their  effect  on 
positional  deviations  at  critical  points  during  the 
approach  and  landing.  These  are  indicated  in  Table  9-16, 
and  point  up  a  possible  relaxation  at  least  in  azimuth 
measurement  accuracy. 

•  Range  accuracy  appears  to  be  a  critical  determinant  of 
lateral  touchdown  error  and  relates  directly  to  DME 
error  in  the  MLS  system.  Apparently  the  shipboard  DME 
accuracy  requirement  will  be  significantly  more  stringent 
than  for  the  other  configurations. 

•  Noise  accuracy  requirements  are  some.vhat  tighter  than 
those  indicated  as  a  result  of  the  Phase  I  simulation 
studies  on  CTOL  aircraft.  Possible  reasons  were  put 
forth  for  this  difference: 

(1)  Differences  between  the  control  system  responses 
of  high-performance  fighter  aircraft  and  those  of 
the  transports  evaluated  in  the  simulation. 

(2)  Computation  of  flight  path  deviations  and  control 
commands  external  to  the  aircraft.  The  outer  (posi¬ 
tion)  control  loop  is  then  divorced  from  other 
on-board  sensors.  This  was  found,  in  the  simulation 
study  for  transport  aircraft,  to  require  very  strin¬ 
gent  limits  on  acceptable  beam  noise. 

Resolution  of  these  issues  is  left  to  Phase  II. 
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TABLE  9-16 

COMPARISON  OF  SPN-42  MEASUREMENT  ERRORS  TO  ALLOWABLE  FLIGHT  PATH  DEVIATIONS 
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d.  Assessment  of  Multipath  Effects 

In  the  SC-117  "noise"  specification,  no  differentiation  was 
made  between  multipath  effects  and  other  sources  of  jitter  in  th<_ 
angle  data.  Multipath  arising  from  many  very  small  reflecting 
objects  in  the  environment  will  appear  very  similar  to  a  low- 
level  random  jitter  normally  associated  with  "noise".  However, 
as  point'd  out  in  the  section  on  multipath,  a  larger-amplitude 
multipath  signal  was  a  "signature"  that  is  substantially  dif¬ 
ferent  in  nature  from  random  jitter. 

In  order  to  assess  the  tolerability  of  multipath  effects  when 
operating  with  an  automatic  flight  control  system,  sample  multi- 
path  signatures  were  prepared,  using  the  analytical  tools  previous¬ 
ly  developed,  for  review  by  Sperry  Flight  Systems.  The  signatures 
were  typical  of  those  that  would  be  experienced  on  a  standard 
centerline  approach  at  a  high-density  terminal.  Signatures  were 
prepared  for  A2 ,  EL-1,  and  EL-2  guidance  beams.  The  character¬ 
istics  of  the  signatures  are  given  in  table  9-17.  Typcial  sig¬ 
natures  for  the  EL-1  multipath  are  plotted  in  figure  9-14. 

The  following  facts  were  noted  with  respect  to  the  multipath 
phenomena: 

o  Our  analysis  showed  that  high-amplitude  phenomena  will 
rarely  be  seen.  These  will  exist  concurrently  with 
very  large  structures  of  very  particular  shape,  con¬ 
struction  and  location  with  respect  to  approach  paths. 

o  The  phenomenon  for  any  given  major  reflecting  object 
happens  once  during  a  given  approach;  i.e.,  is  non- 
lepetitive . 

o  The  least  toZerable  type  of  multipath  effect  would  be 
a  long-duration,  highly  sinusoidal  phenomenon  of 
moderate  frequency  (above  1  Hz)  which  the  pilot  would 
interpret  as  an  instability  in  the  AFCS . 
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Table  9-17.  MULTIPATH  SIGNATURE  CHARACTERISTICS 
EL-1  Multipath 

Location  of  Aircraft:  150  -  1500  feet  height 
Duration:  4  Seconds 

Amplitude  (Peak):  .005  -  .03 

Frequency:  Any  frequency  between  0  Hz  and  3.5  Hz 

( h  data  rate) 

EL-2  Multipath 

Location  of  Aircraft:  Near  Touchdown 
Amplitude:  Less  than  .01° 

Az  Multipath 

Location  of  Aircraft:  Near  threshold 
Duration:  3  seconds 

Amplitude:  ,06°,  upper  bound,  seen  rarely  (one  data 

sample  in  several  approaches) 

.03°,  infrequently  seen  (sample  per  second 
during  signature) 

.01°,  continuous  noise-like  ripple,  center 
frequency  approximately  \  data  rate 
(3.5  Hz)  . 

It  was  Sperry's  assessment  that  the  most  significant  multipath 
was  that  for  EL-1.  For  the  signatures  and  amplitudes  shown,  if 
there  are  no  special  filters  or  rate  limiting  techniques  applied 
at  the  output  of  the  MLS  receiver,  column  motions  in  excess  of 
.4  inches  may  be  observed.  Although  this  amplitude  is  in  excess 
of  the  tolerability  limits  derived  during  the  UAL  pilot  survey, 
it  was  felt  that  the  phenomenon  might  be  acceptable,  based  on  the 
following  considerations: 

o  The  frequency  is  chang  .ng  throughout  the  duration  of  the 
interference  and  will  not  appear  repetitious. 

o  Gain  scheduling  in  the  autopilot  will  reduce  the  mag¬ 
nitude  of  the  noise  as  the  aircraft  proceeds  towards 
touchdown . 
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o  The  interference  will  constitute  an  isolated  instance 
on  any  particular  approach. 

If  however,  a  beam  rate  limiter  is  assumed  to  exist  ?t  the  output 
of  the  MLS  receiver,  as  dictated  by  noise  studies  of  the  CTOL 
autopilot,  the  effect  of  the  interference  is  completely  changed 
and  is  much  less  bothersome.  Three  areas  of  interest  are  apparent 
with  the  beam  rate  limiter  installed. 

For  frequencies  less  than  1  radian  per  second,  or  .16  Hz,  which 
aie  not  modified  by  the  rate  limit,  the  disturbance  would  appear 
tc  a  pilot  more  as  a  beam  bend  than  noise.  This  is  true  since 
less  than  a  full  cycle  of  beam  deviation  would  occur  during  the 
transient.  This  consideration  is  valid  up  to  0.25  Hz,  assuming 
a  4-second  multipath  signal. 

For  frequencies  greater  than  0.25  Hz,  the  deviation  signal  to  the 
autopilot  drops  rapidly  as  a  result  or  limiter  action.  In  the 
frequency  range  from  .3  and  on,  the  sinusoidal  input  to  the 
autopilot  will  result  in  acceptable  levels  of  attitude  deviation 
(less  than  i0.5°  of  pitch  attitude). 

When  the  multipath  frequency  exceeds  1  Hz,  the  short  duration  and 
low  level  of  column  activity  should  be  tolerable.  These  con¬ 
clusions  are  based  upon  studies  of  sinusoidal  noise  inputs  made 
early  in  the  program  with  both  rate  coupled  and  conventional 
autopilots  similar  to  that  used  in  the  747. 

With  respect  to  the  EL-2  multipath,  the  amplitude  was  considered 
to  be  low  enough  so  that  it  would  not  be  noticeable  in  a  typical 
noise  environment. 

With  respect  to  the  Azimuth  Multipath,  the  following  points  were 
made : 

o  The  single  pulse  of  ampiituue  .06  sheu1d  not 

produce  any  unacceptable  aircraft  response.  This  level 
is  below  that  specified  for  noise  to  produce  a  Cooper 
Rating  of  two  and  the  autopilot  filtering,  coupled  with 
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aircraft  response,  will  tend  to  smooth  the  response. 
These  considerations  along  with  the  fact  that  the  multi- 
path  occurs  only  once  in  several  approaches  which  will 
have  the  effect  of  making  it  appear  as  a  gust,  combine 
to  make  this  level  of  multipath  appear  acceptable. 

o  The  same  rationale  as  quoted  for  the  .06  degree  level 
of  noise  is  applicable  to  the  .03  degree  noise  with 
the  additional  comment  that  the  fact  that  three  pulses 
will  appear  in  a  given  approach,  the  effect  on  the  air¬ 
plane  may  appear  similar  to  mild  turbulence. 

o  The  .01  degree  continuous  level  of  noise  of  3  seconds 
duration  with  a  center  frequency  of  3.5  hertz  is  well 
below  the  levels  specified  for  noise  and  will  in  all 
probability  not  he  detectable  by  the  pilot  or  passen¬ 
gers  . 

The  general  conclusion  of  this  investigation  was  that  multipath 
phenomena  which  may  occasionally  be  seen  during  a  final  approach 
will  not  create  a  tolerability  problem  with  respect  to  the 
pilot/AFCS  interface.  The  rate  limiter  (or  other  output  data 
smoother)  removes  any  possible  EL-1  multipath  problem  and  is 
required  for  noise  effects  in  any  event.  Multipath  effects  off- 
runway  centerline  were  not  evaluated  inasmuch  as  it  is  assumed 
that  an  RNAV  or  equivalent  computer  will  be  required  to  process 
the  MLS  guidance  signals  into  AFCS  commands.  These  computers 
contain  complementary  filters  which  are  required  to  smooth 
VORTAC  data  and  will  remove  any  MLS  multipath  effects. 

e.  Summary  and  Conclusions 

The  results  of  the  signal  quality  study  are  summarized  in  Table 
y-lb.  Tney  include  the  following  new  information: 

o  Revised  bias  and  noise  specifications 

o  Revised  system  data  rates 

o  Granularity  limits 
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Table  9-18.  SIGNAL  QUALITY  SUMMARY 
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Notes  to  Table  9-18,  , 

1.  All  values  are  for  the  total  system,  including  ground  and  air¬ 
borne  equipment. 

2.  Bias-error  which  is  constant  over  more  than  20  seconds. 

3.  Noise  includes  all  spatial  and  temporal  effects. 

4.  Back  Course  guidance  au  these  facilities  Bas  same  accuracy 
requirements  as  first  course  guidance.  Back  course  guidance 
at  shipboard  I  configuration  is  optional. 

5.  EL-1  data  is  to  be  interpreted  as  the  angular  error  at  the 
minimum  usable  glidescope.  At  a  given  height  within  the 
coverage  volume  the  angular  error  at  a  greater  elevation 
angle  shall  not  produce  a  linear  equivalent  error  which  exceeds 
that  for  the  minimum  glideslcpe, 

6.  Noise  specification  is  based  on  support  of  manual  approaches 
only. 

7.  Total  system  should  have  this  capability.  For  aircraft  using 
glideslopes  6°  or  under,  the  allowable  DME  error  is  32'. 

8.  These  accuracies  apply  at  the  centerline  of  the  runway  at  the 
decision  height. 

9.  The  combination  of  DME  and  A  error  at  maximum  range  should  not 
exceed  0.1  nmi .  circular  error. 

10.  Assumes  course  width  adjustment  by  varying  receiver  output 
scale  factor. 
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o  Signal  interruption  limits 

o  Specifications  for  military  systems 

All  performance  figures  are  necessarily  tentative  pending  review 
of  assumptions  made  and  further  investigation  of  special  require¬ 
ments,  such  as  carrier  landings,  high  performance  military  air¬ 
craft,  and  VTOL  approaches.  Hazeltine  and  our  subcontractors  ha 
planned  considerable  extension  or  our  analytic  and  simulation 
work  in  these  areas  during  MLS  Phase  II. 

We  are  aware  of  other  studies  of  siqnal  quality  requirements, 
most  notably  the  work  reported  by  the  Transportation  Systems  Center- 
on  data  rate  and  noise  requirements  for  CTOL  aircraft  (Ref  22,  23). 
One  of  the  conclusions  of  the  TSC  study  was  a  recommendation  that 
the  role  of  MLS-only  flare  guyiiance  be  reconsidered  in  light  of 
the  susceptibility  of  the  AFCS  to  noisy  data. 

The  results  of  the  simulation  study  performed  by  Sperry  for  hazeltine 
have  pointed  towards  a  means  of  achieving  a  satisfactory  flare 
maneuver,  using  MLS-only  data  and  non-linear  output  data  processing. 
Preliminary  simulation  of  performance  in  wind  shear  indicated  that 
touchdown  dispersion  will  be  adequate;  further  verification  will  be 
provided  in  Phase  II. 

We  realize  that  the  conclusions  of  the  Hazeltine-sponsored  simu¬ 
lation  study  are  not  universal,  having  been  limited  in  scope  with 
respect  to  certain  design  philosophies,  control  systems  evaluated, 
simulation  techniques  and  sample  sizes.  While  we  plan  to  expand 
the  scope  of  our  studies  during  Phase  II  we  strongly  recommend  to 
the  Government  that  an  effort  be  made  among  the  various  investiga¬ 
tors  in  this  field  to  come  to  a  common  ground  with  respect  to 
critical  assumptions  that  will  otherwise  create  a  diversity  of  con¬ 
clusions  that  will  be  difficult  to  reconcile.  Key  assumptions  are 
in  the  areas  of; 

o  diversity  of  aircraft/control  systems  to  be  evaluated. 

o  simulations  and  other  evaluation  techniques,  including 
consideration  of  systems  non) inearitics  (which  we 
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believe  to  be  quite  important)  and  accumulation  of  statis¬ 
tically  significant  data  bases. 

o  applicability  of  output  data  processing  techniques 

o  integrity  philosophy,  including  the  use  of  non-ground 
referenced  sensors  and  the  use  of  non-MLS  sensors  in 
a  primary  or  a  backup  role. 

We  believe  an  excellent  time  for  such  an  effort  would  be  at  the 
inception  of  Phase  II.  At  that  time  considerable  information  should 
be  available  as  to  the  result  of  MLS  contractors’  efforts  as  well 
as  the  progress  being  made  elsewhere.  Results  based  on  common  view¬ 
point  would  then  be  available  for  refinement  of  systems  techniques 
planned  for  MLS  Prototype  Phase. 

7.  Coverage  Requirements 
a.  General 

This  subsection  presents  the  results  of  the  study  of  MLS  cover¬ 
age  requirements  performed  during  TACD.  The  study  consisted  of 
examining  existing  and  projected  operational  requirements  and  ex¬ 
isting  system  specifications  to  validate  and  extend  the  coverage 
requirements  set  forth  by  SC-117.  The  major  issues  addressed  were 
as  follows: 

It  was  necessary  to  validate  the  existing  SC-117  coverages  with 
respect  to  the  variety  of  operational  requirements  and  functional 
services  defined.  The  majority  of  SC-117  coverages  appear  satis¬ 
factory  ir  light  of  available  knowledge  of  requirements  at  this 
time.  However,  some  are  quite  sensitive  to  requirements  that  as 
yet  have  not  been  fully  defined  (for  example,  terminal  area  route 
structures  and  altimetry  sources)  and  so  the  revised  performance 
specifications  remain  tentative  and  are  subject  to  further  review 
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as  more  information  becomes  available.  In  the  interim,  wc  are 
recommending  the  following  ref  i ncniunts  to  the  requirements: 

o  proportional  guidance  should  be  available  throughout 
tile  defined  coverage  region  lor  al.l  configurations. 

o  for  all  configurations ,  EL-  1  coverage  at  long  ranges  i 
specified  only  to  ±20c  azimuth,  under  the  assumption 
that  barometric  altimetry  will  be  preferably  tor  use 
away  from  the  runway-center lint  zone. 
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o  a  growth  objective  was  defined  to  cover  Terminal  Area 
navigation  over  the  full  360°  in  azimuth. 

o  the  back-course  azimutn  guidance  coverage  was  redefined 
to  rake  advantage  of.  antenna  placement  at  the  threshold 
end  of  the  runway . 

It  wan  required  to  complete  elements  of  the  coverage  definition 
which  SC-117  left  undefined*. 

o  for  elevation  guidance  elements,  coverage  requirements 
near  the  runway  as  a  function  cf  glides  lope 

c  volumetric  coverage  of  EL-2  guidance  element 

c  coverage  requi renentr  for  a  typical  STOL-port. 

Military  requirements  were  to  be  reflected  in  the  coverage  per¬ 
formance  picture. 

o  transportable  systems  requirements  were  included  per 

existing  specifications  and  information  in  the  MLS  U^P . 

o  spcicci  coverage  requirements  for  carrier  landing 
systems  were  formulated. 

The  remainder,  of  this  subsection  presents  the  detailed  results  of 
the  study.  The  material  is  divided  into  sections  on  wide-area 
(volumetric)  coverage,  near-runway  coverage,  special  military 
requirements  and  a  revised  coverage  performance  summary. 

b.  Wide-Area  Coverage  Requirements 

The  coverage  requirements  for  configurations  B  through  K  as  en¬ 
visioned  by  SC-117  are  summarized  in  table  9-19.  These  were 
segmented  for  review  into  two  groups,  based  on  tne  nature  of  the 
most  stringent  requirements  involved: 

o  approach  and  landing  -  (all  configurations)  covering 

supper  a  of  operations  presently  ass  sciated  with  landing 
guidance:  final  approach,  flare  arid  takeoff/missed 
apnroach . 
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o  terminal  area  navigation  -  (configurations  I  and  K) 
supplying  guidance  for  complex  three-dimensional 
maneuvers  throughout  all  or  a  portion  of  the  terminal 

area. 

The  two  areas  are  treated  separately  in  the  discussion  that 
follows. 

(1)  Requirements  for  Approach  and  Landing 

This  section  discusses  the  rationale  for  the  coverages  defined 
above  in  terms  of  meeting  the  requirements  for  approach  and 
landing,  which  we  define  as:  final  turn,  convergence  on  runway 
centerline,  pitchover  onto  glideslope,  flare,  touchdown,  and 
takeof f/missed  approach.  These  are  the  principal  services  offered 
at  configurations  D,  E,  F  and  r  and  are  encompassed  within  the 
borader  services  of  the  I  and  K  configurations. 

Figure  9-15  shows  the  refined  coverage  requirements  for  Azimuth, 
Elevation  1  and  DME .  The  rationale  is  grouped  by  dimensional 
parameter:  range,  lateral  and  vertical.  Separate  discussions 
of  flare  and  takeof f/missed  approach  are  also  given.  Of  the 
three  guidance  signals  discussed,  DME  and  azinr.uth  coverage  are 
always  made  identical,  so  that  two-dimensional  lateral  position 
is  always  available  for  monitoring  progress  along  flight  path. 

Range.  Minimum,  requirements  for  all  civil  airports  and  other 
fixed-base  installations  are  recommended  at  25  nmi .  The  following 
factors  have  been  considered: 

o  uniformity  of  operational  procedures  at  all  airports 
implies  uniform  maximum  range 

o  coincidence  cf  AZ ,  and  EL  and  DME  guidance  range  limits 
is  convenient  (but  net  essential)  so  that  proper  receiver 
operation  on  all  signals  can  be  checked  out  simultaneous¬ 
ly. 
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Figure  9-15.  Approach  and  Landing  Coverage  Requirements 
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o  present  maximum  range  of  the  ILS  localizer  is  25  nmi 

(nominal)  and  it  is  understood  that  use  is  occasionally 
made  of  the  signal  at  this  range. 

o  parallel  runway  operations,  where  runway  separations 
are  reduced  to  a  fraction  of  a  mile,  may  require  near¬ 
maximum  range.  Transition  from  the  enroute  system, 
acquisition  and  validation  of  the  MLS  signal,  conver¬ 
gence  on  azimuth  course  and  settling  to  precision  path 
following  could  use  up  15  nmi  at  180  kt.  If  followed 
by  a  10-nmi  parallel- runway  approach  this  would  re¬ 
quire  25  mile  coverage. 

o  elevation  guidance  should  provide  the  opportunity  for 
noise-abatement  procedures  as  early  as  possible  during 
the  approach.  Vertical  noise-abatement  maneuvers  in¬ 
volve  establish*  g  high  glidepaths  as  far  out  as  pos¬ 
sible.  A  6°  glidepath  (assumed  to  be  maximum  for 
CTOL)  can  be  intercepted  at  15,000  feet  at  25  nmi;  this 
is  believed  to  be  more  than  adequate. 

Lateral  Coverage.  There  was  a  signficant  decision  to  be  made  as 
to  whether  to  provide  fully  proportional  azimuth  guidance  or  a 
narrow  (±3°  or  48)  region  of  proportional  guidance  plus  "clear¬ 
ance"  signals,  as  in  ILS.  Since  the  nominal  mission  of  SC-117 
configurations  D  through  G  is  to  provide  centerline  azimuth  guid¬ 
ance  only,  an  ILS-type  of  coding  was  possible.  An  evaluation  of 
the  required  guidance-signal  generating  equipment  for  the  ILr‘> 
mode  showed  a  potential  cost  savings  over  that  required  for  full 
proportional  coverage.  Possible  compatibility  problems  between 
a  K-type  receiver  and  an  ILS-type  coding  were  foreseen,  however. 

Full  proportional  coverage  was  chosen  in  order  to  derive  the  most 
benefit  for  the  users  with  proportional  receivers  who  will  fre¬ 
quent  these  facilities.  Benefits  are  believed  to  include  the 
improved  ability  to  converge  on  the  runway  centerline  approach 
from  wider  (to  90®)  intercept  angles.  This  would  be  especially 
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significant  in  performing  centerline  intercepts  close  to  the  runway 
threshold.  For  example,  assume  a  1-1/2°  per  second  final  turn  to 
a  centerline  approach,  for  any  aircraft  speed  between  60  and  180 
kt,  followed  by  at  least  1  minute  of  azimuth  course-following 
prior  to  reaching  the  decision  height.  This  turn  will  lie 
entirely  within  a  +20°  proportional  coverage  region.  For  manual 
intercept,  it  is  planned  to  include  in  the  proportional  receivers 
a  wide  coursewidth  (+10°)  selection  to  assist  in  this  maneuver. 

For  users  having  RNAV/MLS  capability,  transision  from  VORTAC 
to  MLS  would  occur  at  the  +20°  coverage  limit  and  a  final  course 
to  intercept  would  be  followed  under  MLS  guidance. 

Vertical  Coverage.  Vertical  Coverage  specifications  include 
minimum  angle,  range  of  proportional  guidance,  maximum  angle 
and  maximum  altitude.  Th^  following  factors  have  been  considered 
in  defining  the  coverage  limits: 

o  Minimum  azimuth  (and  DME)  coverage  angle  at  all  in¬ 
stallations  is  in  conformance  with  ICAO  ILS  specifica¬ 
tions:  reception  at  2000  ft  (1000  ft  desired)  at 

maximum  range  in  level  terrain.  L  coverage  is  not  as 
useful  at  low  altitudes  and  maximum  range  therefore 
the  minimum  angle  for  EL  was  retained  at  1  . 

o  The  proportional  coverage  region  is  defined  to  pro¬ 
vide  a  range  of  glidepaths  even  at  the  simplest 
installations . 

For  the  D  and  F  configurations,  the  range  of 
glidepaths  provided  was  extended  slightly  (from 
the  SC-117  figure  of  6°)  to  7.5°.  This  was 
done  to  accommodate  the  range  of  glidepaths  for 
which  the  most  satisfactory  STOL  experience  has 
been  accumulated.  It  should  extend  the  utility 
of  these  configurations  and  only  a  very  minor 
ground  equipment  cost  is  involved. 
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For  the  G  configurations,  a  maximum  Category  II 
glideslope  of  12°  is  provided,  as  compared  to  the 
SC-117  figure  of  15°.  This  small  reduction  in 
glideslope  is  believed  to  be  reaslitic  from  the 
viewpoint  of  operational  limitations  of  Category  II 
approaches,  and  is  significant  from  the  viewpoint 
of  practical  antenna  desigr  and  siting  considerations. 
This  topic  is  discussed  further  in  the  subsection 
on  near-runway  coverage  below. 

o  Maximum  elevation  coverage  was  chosen  to  be  at  least 
one  coursewidth  above  the  maximum  usable  gliciescope. 

For  a  7-1/2°  glideslope,  a  2°  coursewidth  has  been  found 
acceptable  during  tests  at  NAFEC  (Ref  7).  Extrapolating 
to  a  15°  glideslope,  5°  margin  should  be  adequate. 

o  20, 000. feet  maximum  altitude  per  SC-117,  is  expected 
to  be  adequate,  even  with  growth  of  terminal  airspace. 

At  a  STOL  port,  10,000  feet  altitude  is  recommended  as 
being  adequate. 

Flare  Guidance  Coverage.  Coverage  for  the  flair  guidance  element 
is  shown  in  figure  9-15.  This  element  operates  at  Ku-band  and 
as  such  requires  careful  definition  of  coverage  limits  to  conserve 
power  requrrements.  Flare  guidance  will  typically  be  used  during 
the  last  100  feet  of  descent.  A  minimum  of  one  minute  of  receptron 
will  be  required  prior  to  that,  for  acquisition  and  validation. 

This  establishes,  the  range  of  glidepaths  covered,  the  maximum 
range  of  3.5  nmi  and  height  of  2000  feet.  The  elevation 
coverage  limit  of  10°  is  determined  by  the  requirement  to  provide 
1  minute  of  clear  reception  for  an  aircraft  descending  at  15 
glideslope,  as  indicated  in  figure  9-17.  Assuming  that  during 
the  last  minute  of  flight,  the  aircraft  is  stabilized  the 
runway  centerline  course,  a  nominal  coverage  width  of  +10°  is 
also  specified.  A  lower  limit  of  1°  on  vertical  coverage  is 
provided  for  future  high-VgQ  aircraft  with  longer  and  shallower 
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flare  profiles.  A  flare  guidance  element  designed  for  use  with 
the  U.S.  space  shuttle  should  have  the  extended  coverage  indicated 
on  the  figure,  assuming  an  aircraft  approach  speed  of  240  knots 
on  an  11°  glidepath,  with  a  flare  initiation  approximately  1.5 
miles  from  touchdown. 

It  should  be  pointed  out  that  each  additional  mile  of  EL-2 
coverage  in  50  mm/hr  rainfall  requires  approximately  10  db  more 
transmitter  power.  Therefore  we  will  continue  to  examine  the 
requirement  for  EL-2  range  with  the  following  possibilities  in 
mind : 

o  tolerating  a  shorter  validation  period  based  on 
estimates  of  validation  confidence  levels  to  be 
performed  during  Phase  II. 

o  utilizing  directive  Ku-band  airborne  antennas 
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Figure  9-17.  Computation  of  Maximum  EL-2  Elevation  Coverage  Angle 
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Takeof f/Missed-Approach  Guidance  Coverage  -  The  azimuth  and  DME 
guidance  coverage  requirement  for  this  function  is  shown  in 
figure  9-18.  As  described  in  the  functional  services  section, 
we  elected  to  include  back-course  azimuth/DME  guidance  in 
Cat  II  configurations  as  well  as  for  Cat  III,  to  increase  the 
utility  of  those  airborne  equipments  which  will  include  a  back- 
course  guidance  antenna/front  end. 

SC-117  described  the  missed  approach  guidance  as  originating 
at  the  stop  end  of  the  runway,  so  that  the  equipment  could  be 
colocated  with  the  front-course  azimuth  and  DME  equipment.  How¬ 
ever,  this  produces  a  "cone  of  silence*'  as  the  stop  end  is  over¬ 
flown  This  cone  of  silence  could  be  on  the  order  of  12  seconds 
or  greater  duration,  depending  on  aircraft  speed,  and  altitude. 

It  was  the  opinion  of  our  consultants  that  while  such  an 
interruption  might  be  tolerable  on  an  occassional  basis  in  con¬ 
nection  with  a  missed  approach,  it  might  discourage  regular  use 
as  a  departure  aid.  Therefore  we  have  modified  the  requirement 
to  show  guidance  originating  at  the  threshold  end.  Most  often, 
this  will  not  involve  significant  additional  expense  inasmuch 
as  back-course  guidance  will  be  provided  by  the  guideline  elements 
for  the  reverse  runway  direction.  The  ICAO  AWOP  (Ref  4)  has 
specified  that  missed-approach  guidance  should  extend  to  2000 
feet  altitude  over  the  runway  and  5000  feet  altitude  past  the 
runway  end,  and  provide  guidance  to  5  nmi .  This  latter  figure 
was  also  used  in  SC-117.  We  were  advised  by  UAL  consultants 
that  this  coverage  should  extend  to  10  mile  in  order  to  be 
worthwhile  for  regular  use.  Therefore  this  range  was  adopted 
and  the  maximum  altitude  was  scaled  upwards  accordingly. 

For  a  single- runway  airport  (e.g.  F  and  G)  lateral  backcourse 
coverage  of  +20°  is  believed  to  be  sufficient  to  cover  the 
initial  turn  to  go-around  or  for  departure.  For  high-density 
and/or  parallel-runway  applications  (I  and  K)  there  may  be  a 
need  for  increased  coverage  for  precision  guidance  during  curved 
departures.  There  was  insufficient  information  available  on 
proposed  departure  procedures  in  this  case,  and  we  are 
therefore  retaining  the  SC-117  coverage  figure  of  +40°  for 
further  validation  during  future  phases. 
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(2)  Requirements  For  Terminal  Area  Navigation 

Curved  and  complex  maneuvers  associated  with  advanced  ATC  concepts 
for  speed-class  sequencing,  precise  time-of-arrival  control, 
etc,  have  infinite  possibilities  in  terms  of  flight  paths .  It 
appears  that  these  more  sophisticated  maneuvers  will  ideally 
be  performed  in  a  manner  analogous  to  area  navigation  today, 
under  the  control  of  an  RNAV  computer,  with  ATC  surveillance 
and  monitoring.  We  have  therefore  defined  these  operations  as 
"Terminal  Area  Navigation"  and  include  under  this  category  the 
requirement  to  support  all  phases  of  flight  outside  the  nominal 
"approach  and  landing"  zone  defined  above. 

Our  motivation  in  discussing  this  requirement  separately  is  that: 

o  the  MLS  system  design  should  consider  a  functional 

module  satisfying  this  requirement  to  be  installed  at 
any  airport  with  sufficient  traffic-handling  require¬ 
ments  . 

o  the  MLS  system  design  should  contemplate  growth  to 
provide  full  360°  coverage  for  this  function. 

Assessing  the  suitability  of  the  azimuth  coverage  requirement 
for  terminal  area  maneuvers  is  difficult  because  of  the  variety 
of  routing  schemes  in  use  and  planned  for  the  future.  Some 
illustrations  are  given  in  figures  9-19  thru  9-22. 

Figure  3-19  (Ref  13  p-37)  shows  the  noise- abatement  approach 
paths  ( "Canarsie  Approach")  to  JFK  runways  31  R  and  31  L. 

These  curved  approaches  are  made  in  visual  conditions  utilizing 
approach  lights,  but  could  be  followed  by  users  equipped  with 
MLS  and  an  appropriate  path  computer.  They  illustrate  the 
fact  that  curved  approaches  which  terminate  very  near  the  runway 
threshold  may  not  lie  comfortably  within  a  +60°  coverage  sector. 
Note  that  the  approach  to  31L  begins  very  shortly  after  entering 
the  coverage  sector,  leaving  little  time  for  signal  acquisition 
and  validation  before  the  turn  starts. 


9-117 


Report  10926 


Figure  9-21. 


Possible  Complex  £T0L  Approach  Path 
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Figure  9-20  (Ref  12,  p,  225)  illustrates  a  schematic  of  a  future 
high-density  airspace  concept  for  a  multiple-parallel  runway 
airport.  The  limits  of  high-density  airspace,  where  MLS 
guidance  is  most  critical,  is  principally  within  MLS  coverage 
limit  of  +60°. 

Figure  9-21  (Ref  16)  illustrates  a  possible  complex  approach 
patn  to  a  STOL  port.  Here,  even  though  a  spiralling  descent/ 
deceleration  maneuver  is  made,  the  maneuver  again  lies  entirely 
within  the  +60°  limits. 

Figure  9-22  illustrates  a  possible  metering  and  spacing  concept 
which  uses  path  stretching  maneuvers  to  make  good  precise  time 
of  arrival  at  the  runway  approach  gate.  Intially  this  will 
be  done  by  ATC  vectoring  but  conceivably  could  be  performed 
under  MLS/RNAV  control  in  the  future.  Typically  4  "feeder  fixes" 
are  disposed  around  the  airport  at  approximately  30-40  nmi 
range.  The  corresponding  path  stretching  areas  are  similarly 
distributed  in  azimuth  and  in  general  will  not  fall  with  the 
MLS  coverage  sector.  However  the  final  downwind  leg  is  within 
precision  time  of  arrival  coverage  and  may  be  used  for  final 
adjustments . 

A  survey  recently  made  by  the  FAA  (Ref  17)  estimated  the 
proportion  of  aircraft  within  the  busiest  airspace  sections 
associated  with  three  high-density  terminals.  The  results 
are  tabulated  in  table  20.  The  conclusion  is  that  most,  but 
not  all  traffic  at  these  facilities  does  lie  within  a  wedge 
similar  to  the  MLS  coverage  of  +60°. 
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Table  9-20.  PROPORTION  OF  AIRCRAFT  IN  THE  BUSIEST  AIRSPACE  SECTORS 


OF  THREE  MAJOR  AIRPORTS 


AIRPORT 

WIDTH  OF 

BUSIEST  SECTOR 

PORTION  OF  TRAFFIC 
USING 

JFK 

120° 

60°  -  700 

ORD 

140° 

"MOST" 

LAX 

50° 

97% 

Our  conclusion  is  that  the  +60°  (40°I)  coverage  specification 
should  be  reaired  until  more  definitive  information  is  available 
as  to  the  plans  for  airspace  utilization  at  those  busy  terminals 
where  the  K  configuration  MSL  will  be  installed.  However, 
consideration  should  be  given  to  future  growth  to  a  full  360° 
coverage  in  azimuth.  At  least  two  methods  appear  feasible  to 
accomplish  this.  One  is  applicable  at  crossed  runways  where 
two  or  more  orthogonal  MLS  configurations  could  be  operated 
simultaneous  on  different  channels,  with  overlapping  coverages. 
However,  this  is  not  universally  applicable  and  entails  transi¬ 
tions  between  systems  in  the  terminal  area.  Another  approach 
is  to  provide  a  single  MLS  system  with  360°  azimuth  coverage. 

Figure  9-23  shows  two  levels  of  terminal  area  navigation  coverage: 
A  "required"  coverage  extending  +60°  in  azimuth,  as  in  SC-117, 
and  a  "desired"  coverage  providing  360°  coverage. 

The  vertical  profile  of  the  coverage  area  is  similar  to  that 
for  the  approach  and  landing  requirement  previously  described. 
Maximum  coverage  height  of  20,000  feet  is  considered  adequate 
for  future  terminal  area  control.  The  specification  of  20 
maximum  coverage  angle  is  based  on  the  following. 
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Figure  9-23.  Terminal  Area  Navigation  Requirement 
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o  An  aircraft  executing  down  wind  approaches  parallel 

to  and  near  the  runway.  A  coverage  angle  of  20°  would 
cover  a  (STOL)  flight  path  at  2000  feet  altitude  par¬ 
allel  to  and  within  one  mile  laterally  of  the  runway. 

o  A  metering  and  sequencing  system  (as  above)  wherein  the 
inner  fix  is  at  an  altitude  of  6,000  feet  and  may  be 
within  b  A.  mi  or  less  of  the  runway. 

As  mentioned  above,  investigations  to  date  have  not  confirmed 
the  need  for  MLS  elevation  data  during  terminal  area  navigation. 
This  is  covered  in  the  section  on  system  trades. 

c.  Near-Runway  Coverage  Requirements 

Design  of  the  MI.S  elevation  guidance  elements  (EL-1  and  EL-2) 
require  careful  definition  of  the  coverage  required  near  the 
runwav  surface.  This  requirement  was  not  completely  defined 
by  SC-117. 

The  significance  of  this  specification  lies  in  the  fact 
that  the  need  to  project  on  elevation  guidance  signal  over  the 
runway  from  an  offset  antenna  sets  the  azimuth  coverage  require¬ 
ment  for  that  antenna.  There  is  a  practical  limitation  on  planar 
elevation  antennas  of  approximately  45°  azimuth  for  signals  of 
acceptable  quality.  It  happens  that  for  increasing  glideslopes, 
the  azimuth  angle  required  to  provide  coverage  over  the  runway  to 
t.ie  minimum  guidance  altitude  also  increases.  The  following 
speci f icat* provide  adequate  coverage  of  a  wide  range  of 
qlidaslopes  vr  nout  requiring  azimuth  coverages  above  34° ,  for 
reasonable  antenna  offsets.  The  issue  of  elevation  antenna  siting 
js  covered  in  Section  1.1, 3. 2. 
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(1)  El-1  Coverage 

Figure  9-22  describes  EL^  coverage  near  the  runway  surface  for 
Cat.  I  and  Cat.  II  operation  {Cat.  Ill  requirements  with  respect 
to  ELj  and  identical  to  Cat.  II) . 

With  respect  to  Figure  9-24  (a) ,  lower  limits  of  coverage  are 
set  at  50'  below  the  decision  height,  per  SC-117  recommendations. 

This  provides  a  "safety  margin"  below  the  decision  height  for 
Category  I/II  approaches  during  which  time  the  pilot  can 
react  to  visual  cues  and  take  over  manual  control  of  the 
aircraft.  Also,  during  Cat.  Ill  approaches  it  allows  the  auto¬ 
pilot  to  ride  the  EL-1  beam  to  approximate  .*  6  5  feet,  shortly 
before  flare  initiation. 

The  remainder  of  the  coverage  definition  is  based  on  four 
surfaces  through  the  EL-1  element  (GPIP)  as  indicated. 

The  range  of  glides lope  supported  for  configurations  D,  KgTOL 
and  are  also  indicated.  Three  deviations  from  SC-117 

are  noted: 

o  SC-117  Requirements  indicated  a  maximum  glideslope 
requirement  of  15°,  but  it  is  unlikely  that  a  STOL 

would  land  at  greater  than  9°-12°  glideslope  even 
under  strong  headwinds.  Although  VTOL  aircraft  could 
execute  such  maneuvers,  it  is  unlikely  that  VTOL  aircraft 
will  land  routinely  on  the  same  runway  as  fixed  wing 
aircraft.  Additionally,  a  VTOL  aircraft  could  use  a 
12°  (or  lower)  glideslope  when  such  a  landing  is 
necessary . 

o  As  mentioned  previously,  we  are  providing  glideslopes 
up  to  7.5°  at  D  (and  F)  configurations.  This  could 
increase  the  utility  of  the  facility  for  STOL  noise- 
abatement  approaches . 
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o  CTOL  requirements  indicate  a  minimum  glidepath  of 
2°  which  seems  unnecessarily  low  for  a  STOL  port. 

An  inspection  of  planned  FAA  obstacle  clearance 
surfaces  for  STOL  ports  confirms  this.  Minimum 
glideslope  for  STOL  ports  has  therefore  been 
estimated  as  5°.  If  further  STOL  port  plans 
modify  this  estimate  the  coverage  requirement  will 
change  accordingly. 

A  transverse  section  of  the  coverage  volume  is  shown  in  figure 
9-24 (b).  The  rationale  for  setting  the  coverage  limits  was 
that  the  full  guidance  accuracy  should  not  be  limited  to  the 
runway  centerline  but  should  extend  laterally  over  a  region 
at  least  wide  enough  to  cover  all  points  from  which  a  safe 
landing  could  be  made  from  breakout  altitude.  (it  should  be 
noted  that  present  ILS  coning  errors  increase  a3  one  moves 
off  runway  centerline  away  from  the  glideslope  transmitter.) 

o  For  Cat.  II,  full  accuracy  will  be  available  over  a 
"primary"  region  equal  to  twice  the  runway  width  at 
100  feet  altitude.  This  is  based  on  the  FAS  definition 
of  a  "successful  landing"  for  CAT  II  (FAA  AC-120-29) 
wherein  the  "cockpit  must  be  within,  and  tracking  so 
as  to  remain  within,  the  lateral  confines  of  the 
runway  extended".  A  "secondary"  buffer  zone  with 
slightly  degraded  accuracy  serves  to  maintain 
glideslope  track  until  (presumably)  the  landing  is 
aborted. 

o  From  the  CAT  I  decision  height,  many  aircraft  possess 
sufficient  maneuverability  to  correct  for  significant 
lateral  displacements  in  time  for  a  safe  landing.  A 
nominal  700'  coverage  width  (equal  to  the  localizer 
coursewidth)  has  been  provided  at  this  height. 
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(2)  EL-2  (flare  guidance)  Coverage 

Coverage  for  the  flare  guidance  element  was  not  completely  defined 
in  SC-117,  and  in  any  event  requires  separate  definition  for  STOL 
runways.  Definitions  are  given  in  figure  9-25  for  CTOL  and  STOL 
runways.  With  respect  to  the  side  views  of  coverage,  coverage 
extends  down  to  8'  above  the  runway,  for  a  distance  along  the  run¬ 
way  estimated  to  correspond  to  the  touchdown  limits  for  the  appli¬ 
cable  range  of  final  glideslopes.  All  final  glideslopes  are 
assumed  referenced  to  tne  EL-1  (GPIP)  location.  Kith  respect  to 
the  plan  views,  nominal  coverage  widths  of  twice  the  runway  width 
provided.  The  rationale  is  that  past  the  flare  initiation  height, 
excessive  lateral  deviation  should  not  be  compounded  with  a  dropout 
of  EL-2  guidance. 

d.  Coverage  equipments  for  military  systems. 

The  coverage  requirements  for  the  military  transportable  systems 
and  carrier  landing  systems  are  unique  because  each  reflects  special 
operational  requirements.  The  coverage  requirements  assumed  are 
presented  in  this  subsection.  These  are  based  on  our  best  knowledge 
of  user  needs  at  this  time  and  we  plan  to  review  these  thoroughly 
with  all  users  during  Phase  II. 

(1)  Military  Transportable  Systems. 

A  tentative  set  of  performance  requirements  for  the  military 
transportable  system  is  given  in  table  9-20.  The  special  opera¬ 
tional  requirements  which  affect  coverage  performance  of  the 
military  transportable  systems  are: 

o  The  need  for  portability;  to  achieve  which,  size  is  traded 
for  maximum  range  via  the  selection  of  Ku  band  operation. 

o  The  terrain  environment,  which  results  in  the  require¬ 
ment  for  adjustable  coverage  cutoffs. 

o  In  the  case  of  the  E colocated  configuration,  the 
restriction  to  VTOL  aircraft  only  and  the  desire  to 
perform  multiple  simultaneous  landings  on  different 
azimuth  courses. 
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EL-2  {Flare  Guidance)  Near  Runway 
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Table  9-21.  COVERAGE  REQUIREMENTS  FOR  MILITARY 
TRANSPORTABLE  SYSTEMS 


SYSTEM 

SOURCE 

US  ARMY 

E  COLOCATED 
MILS  RFP 

US  ARMY 

E  SPLIT 

MLS  RFP 

USMC 

G  SPLIT 
MRAALS  SPEC 

HORZ 

i  60° 

t  30° 

i  20°  2 

A2 

VERT 

0°  -  20°  1 

0°  -  20°  1 

0°  -  20°  1 

RANGE 

(miles) 

10 

10 

10 

HORZ 

t  60° 

±  30° 

*  20“ 

EL 

VERT 

0°  -  20s  1 

0°  -  20°  1 

0°  -  20° 

RANGE 

(miles) 

10 

10 

10 

HORZ 

360° 

±  30° 

i  20°/360°  3 

E  ME 

VERT 

0°  -  20° 

0°  -  20° 

0°  -  20° 

RANGE 

(miles) 

10 

10 

3/20  3 

PATH 

EL 

5°  -  15° 

3°  -  15° 

3°  -  15° 

LOCA¬ 

AZ 

Air  Selectable 

Centerline 

Centerline 

TION 

Notes : 

1. 

Lower  cutoff  adjustable  up  to  5° 
for  terrain  and  other  obstacles. 

to  compensate 

2. 

Right/left  azimuth  cutoff  adjustable  to  compen¬ 
sate  for  terrain  and  other  obstacles. 

3. 

Coarse/fine  DME 

The  sources  for  the  requirements  information  were:  for  the  US  Army 
systems,  the  existing  performance  description  in  the  MLS  RFP  and, 
for  the  USMC  system,  the  specification  for  the  interim  MRAALS 
system. 
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It  should  be  noted  that  the  located  E  system  planned  for  testing 
during  feasibility  will  demonstrate  full  •-apability  for  coverage 
cutoff  adjustment. 

(2)  Carrier  Landing  System  Requirements 

The  system  concept  envisioned  at  this  time  for  the  carrier  landing 
application  involves  two  antenna  systems:  one  on  the  superstructure 
for  all-weather  landing  guidance  (System  "A")  and  one  at  the  pre¬ 
sent  SPN-41  locations  (Sj stem  "B")  for  backup  and  flight  path 
monitoring.  This  system  is  outlined  in  the  Prototype  Systems 
Development  Plan. 

The  coverage  requiremen  ;s  of  the  System  A  antenna  are  quite  unique 
because  of  its  location  and  considerations  of  multipath.  For  this 
function,  a  Doppler  NLS  transmitter  provides  Ku-band  radiation  for 
separate  frequency  coding  of  AZ  and  EL  angles  in  space.  For  this 
dual  function,  a  single  antenna  is  mounted  on  the  superstructure  at 
a  height  affording  a  clear  view  of  the  glide  path.  Figure  9-26 
shows  a  view  of  the  coverage  sector  including  the  approach  glide 
path  in  space.  It  is  a  pictorial  view  from  the  transmitter 
antenna  location  30  ft  above  the  deck.  The  receiver  antenna 
location  is  on  the  nose  of  the  approaching  aircraft,  8  ft.  above 
the  deck  at  touchdown.  The  glideslope  is  the  flight  path  of  the 
receiver  antenna,  where  the  angle  coding  is  to  be  received. 

The  glideslope  is  to  be  illuminated  with  the  frequency  coding 
by  the  direct  path  from  the  transmitter.  The  glideslope  image 
in  the  deck  is  not  to  be  illuminated,  by  the  indirect  (reflection) 
path,  because  that  would  cause  interference  and  would  carry  an 
erroneous  cod.4  ,g  in  EL. 

The  nominal  coverage  cone,  shown  in  figure  9-26  is  50°  wide  and  flCP 
from  the  horizon.  It  is  to  be  illuminated  selectively  over  the 
band  A-A.  The  lower  edg«  of  this  band  has  a  sharp  cutoff  at  the 
runway  centerline  (CL)  for  discriminating  between  the  glideslope 
and  its  image  in  the  deck.  The  upper  edge  of  this  band  is  8  higher 


J 


) 
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A-A  *  CONS'  OF  COVERAGE  OF  ANCLE  CODING  i 
UPPER  EDGE  - CUTOFF  TAPERED 

LOWER  EDGE  -  CUTOFF  SHARP  ( AT  CL  OF  RUNWAY ) 


GLIDES  LOPE  Z°-  STATIONARY  COORDINATES 

4a-  SHIP  MOVING  COORDINATES  (ABOVE  ) 


1Z0928S> 


Figure  9-26.  Aircraft  as  seen  from  antenna  on  superstructure 
for  limits  of  coverage 
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and  may  have  a  tapered  cutoff  which  ia  easier  to  acconaaodate. 

This  bandwidth  ia  twice  as  high  as  required  to  include,  the  entire 
glide  slope. 

It  should  be  noted  that  the  stabilized  Doppler  guidance  signal 
will  be  available  simultaneously  to  all  users  anywhere  within 
the  coverage  sector  stated,  An  aircraft  executing  a  go-around 
maneuver  will  enter  the  coverage  rector  between  30°  and  40° 
from  the  ship's  axis,  and  can  use  MLS  guidance  to  complete 
the  go-around  and  make  good  a  precise  time  slot  in  the  sequenc¬ 
ing.  Range  coverage  of  System  A,  operating  at  Ku  band,  will  be 
approximately  10  nmi. 

System  B  it  to  be  located  at  the  position  of  the  present  SAN-41 
antennas  and  will  radiate  a  signal  format  which  is  compatible 
with  the  same  airborne  receiver  needed  for  by  stew.  A.  ‘fh « 
coverage  is  specified  somewhat  wider  than  the  present  SPN-41 
coverage  to  allow  acquisition  sooner  and  to  provide  coverage 
as  close  to  touchdown  as  feasible. 

Horizontal  Coverage 
Vertical  Coverage 

The  coverages  for  system  B  are  illustrated  in  figure  9-27, 

The  range  (assuming  C-band  operation)  is  to  be  approximately  2b 
nmi . 

e.  Summary 

Table  9-22  summarizes  the  refined  coverage  requirements  aa  they 
stood  at  the  close  of  TACD.  The  major  changes  and 
adaitons  are: 

o  Definition  of  baak  course  requirements 

o  Definition  of  extended  azimuth  coverage  requirements 
for  elevation  antennas 

o  Provision  of  additional  elevation  coverage  at  D  and 
f  faulties 


These  are: 


Azb 

1  20° 

EL 

-20° 

to  +  30° 

0°  -  30° 

f-* 

o 

1 

o 

0 
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Figure  9-27.  Coverage  for  Carrier  Landing  System 

. 

o  Inclusion  of  coverage  requirements  for  special 
military  requirements. 

8,  Auxiliary  Data  Requirements 

As  a  result  of  the  study  of  operational  requirements,  three  new 
auxiliary  data  requirements  were  identified  for  inclusion  in  the 
auxiliary  data  format.  They  werei 

o  Time-of-day  -  This  was  included  to  allow  for  possible 
future  terminal  control  concepts  in  which  a  time-slot 
is  assigned  to  a  given  aircraft  for  4-dimensional 
navigation  tc  threshold.  Tirae-of-day  permits  automatic 
synchronisation  of  the  onboard  control  sy3tem  with  ATC 
and  all  other  aircraft. 

c  Barometric  Setting  -  This  was  included  to  provide  an 

alternative  means  for  obtaining  runway  barometric  setting. 
Present  verbal  communications  permit  (interpretation 


Table  9-22.  COVERAGE  PERFO! 
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errors  which  would  be  avoided  in  this  manner.  Further¬ 
more,  if  the  barometric  correction  is  automatically  done 
from  MLS  data,  the  additional  error  source  of  incorrect 
manual  setting  entry  would  also  be  removed. 

o  Minimum  Glideslope  -  As  mentioned  previously,  it  should 
not  be  possible  for  an  operator  to  choose  a  glideslope 
setting  below  that  which  is  appropriate  with  respect  to 
obstacle  clearance  and  threshold  crossing  height 
limitations  at  a  particular  facility.  This  feature 
would  transmit  to  the  receiver  the  minimum  allowable 
glideslope  at  the  facility.  This  will  be  decoded  in  all 
receivers  and  compared  to  the  receiver  glideslope  setting. 
If  the  receiver  setting  is  lower,  the  receiver  will 
generate  an  "invalid'*  discrete  and  the  indicator  flags 
will  stay  up. 

The  revised  summary  of  data  requirements  is  given  in  table  9-23. 

It  will  be  noted  that  Tones  E  and  F  are  the  only  tones  used,  and 
that  both  AZ  and  EL  channels  are  now  used  for  data  transmissions. 
These  revisions  and  the  time  format  adopted  are  covered  in  the 
section  on  Signal  Format. 

9.  Coordinate  Geometry 

Coordinate  geometry  was  treated  by  Hazeltine  as  a  critical 
technical  area,  and  is  described  in  detail  in  that  section. 

During  TACD  Hazeltine  refined  the  data  base  required  to  choose 
an  MLS  coordinate  system  representing  the  best  compromise 
between  satisfaction  of  operational  requirements,  equipment  cost 
and  integrity.  Coordinate  schemes  considered  included  conical- 
only,  orthogonal  conical  systems  for  planar  guidance,  unitary 
planar  guidance  elements,  and  hybrid  systems.  The  general  con¬ 
clusions  were  that: 

o  planar  coordinates  were  definately  required  for  EL-1 

guidance  along  the  runway  center  line  especially  in  con¬ 
sideration  of  the  diversity  of  siting  requirements  and 
the  variety  of  glideslopes  that  may  be  used  in  the  future. 
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raole  9-23. 

AUXILIARY 

DATA 

REQUIREMENTS 

AUXILIARY  DATA  MLS 

ELEMENT 

TONE 

REP.  INTERVAL 

#  BITS 

Morse  Code  Airport 

AZ 

E 

1  Bit  Per 

15 

I.D. 

Function  time 

(seconds) 

Fixed  Data 

o  Runway  Heading 

10 

10 

o  Distance  EL,  to 

10 

10 

DME 

Time  of  Day 

AZ 

F 

10 

15 

Barometric  Setting 

10 

7 

Growth 

10 

8 

Runway  I.D. 

10 

15 

Minimum  Glideslope 

EL 

E 

10  i 

I  30 

Growth 

io  ! 

1 

Facility  Status 

5 

1 

Wind  Shear 

EL 

E&F 

5 

►  15 

Wind  Vector  at  TD 

5 

1 

RVR 

10  ) 

1  » 

Runway  Condition 

EL 

ESP 

5  ] 

Dist. EL ^ /EL 2 

10  | 

!  15 

Alt  EL1/EL2 

10  j 

Growth 

10 

15 
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o  Planar  coordinates  were  preferable  for  azimuth 

guidance,  but  not  essential.  One  problem  with  conical 
coordinates  was  coordinate  system  incompatibility  with 
ATC.  A  potential  solution  not  requiring  orthogonal 
antennas  was  the  employment  of  a  correction  computation 
involving  DME  range;  however,  it  was  not  seen  as  a 
universal  solution  because  of  the  extra  cost  of  the 
computational  element. 

o  The  EL-2  geometry  under  practical  siting  considerations, 
is  essentially  indifferent  to  the  basic  coordinate 
system  type. 

Meanwhile,  studies  and  experiments  in  the  area  of  guidance  signal 
generation  produced  confidence  in  the  ability  to  generate  planar 
beams  with  a  very  simple  antenna  design.  The  decision  could 
therefore  be  made  to  use  all-planar  guidance  without  suffering  the  cost 
and  integrity  penalties  of  the  orthogonal-antenna  approach .  As  a  result 
the  baseline  coordinate  philosphy  was  adopted i  all-planar  guidance 
except  where  otherwise  indicated  by  operational  requirements.  At 
this  time  the  only  conical  coordinate  retained  was  for  the  military 
colocated  "E"  system  for  which  wide  azimuth  coverage  is  provided  to 
permit  (among  other  uses)  approaches  on  several  different  azimuth 
courses . 
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B.  SIGNAL  FORMAT 

The  signals-in-space  is  the  single  factor  that  unites  the  Doppler 
MLS  by  establishing  ground  rules  to  which  the  ground  and  airborne 
systems  can  be  designed.  The  resultant  implications  of  the  signal 
format  on  the  cost  effective  design  of  ground  and  airborne  equip¬ 
ment  must  be  considered  while  maintaining  the  ability  to  satisfy 
the  functional  requirements.  Although  the  SC-117  report  provides 
considerable  direction  and  guidelines  is  selecting  a  format,  there 
still  remained  considerable  room  for  optimizing  system  performance 
cost,  etc.  The  signal  format  parameters  were  analyzed  in 
detail  during  the  TACD  program  to  arrive  at  a  compatible  format 
for  all  users.  A  primary  constraint  placed  on  the  format  is  that 
it  must  contain  sufficient  integrity  features  to  permit  autoland 
in  CAT  III  weather  conditions. 

The  signal  format  as  conceived  by  SC-117  used  time  division  multi¬ 
plex  (TDM)as  a  baeeline  for  the  Doppler  format  in  order  to  make 
comparison  between  Doppler  and  conventional  scanning  beam  systems 
possible.  In  the  Hazeltine  TACD  proposal  we  adopted  the  TDM  format, 
but  made  several  refinements  such  ass 

o  new  subcarrier  location  to  105  kHz 
o  odd  number  of  tones  for  function  identification  to 
increase  integrity 

o  number  of  scans  per  function  time 
o  data  rate 
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However,  we  also  recognized  the  need  to  optimize  the  signal  format 
based  on  consideration  of  alternate  signal  format  techniques.  As 
a  result  we  identified  several  study  areas  in  order  to  resolve 
many  of  the  issues.  Figure  9-28  indicates  a  flow  chart  for  defining 
the  format.  As  noted  on  the  figure, several  arrows  are  indicated. 

These  represent  the  constraints  placed  on  various  elements  of  the 
format.  For  example,  the  constraints  placed  on  the  signal  format 
itself  are: 

o  integrity  consistent  with  autoland  requirements 
o  600  KHz  channel  bandwidth 
o  number  of  MLS  functions  to  be  transmitted 

The  individual  studies  performed  ir.  this  section  include  a  brief 
summary  of  our  conclusions  ar.d  are  presented  below  in  the  following 
order 

o  frequency  (FOM)  vs  time  division  multiplex  (TDM) 
o  sequential  dual  scan  (SEDS)  vs  simultaneous  dual  scan 
(SIDS) 

o  frequency  coding  rationale 

o  spectrum  control  requirements 

o  timing  relationship  between  parameters 
o  power  budget 

Detailed  discussions  follow  the  summary  in  Part  2. 

1.  Suranary  of  Signal  Format  Studies 

a.  Frequency-Time  Division  Multiplex  Trade  Off 

TDM  was  proposed  in  the  SC-117  format  primarily  for  compatibility  with 
conventional  scanning  beam  formats.  Since  the  Doppler  technique  bb 
described  by  SC-117  required  a  small  bandwidth  for  each  function  it 
was  believed  to  possess  a  potential  for  FDM.  Each  guidanco  function 
would  be  assigned  a  separate  frequency  band  within  the  600  kHz  angle 
guidance  channel. 
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The  major  factors  that  effect  the  choice  between  TDM  and  FDM  are 
the  numbers  of  MLS  functions  to  be  transmitted,  data  rate  required 
of  each  function,  equipment  cost  and  growth  potential  of  MLS.  We  have 
identified  five  MLS  functions  to  be  transmitted)  AZ,  EL-l/H,  EL-l/L, 
EL-2,  and  BC  AZ  with  data  rates  corresponding  to  accuracy  require¬ 
ments  as  defined  by  Sperry  Flight  Systems  considering  present  AFCS 
requirements . 

Pure  FDM  of  all  functions  is  wasteful  of  bandwidth  and  requires 
many  processors  in  the  aircraft.  Also,  if  the  AZ  and  EL-1  functions 
are  transmitted  simultaneously  then  the  frequency  sidelobes  of  the 
EL-1  transmission  would  have  to  be  at  least  53  dB  down  in  the  AZ 
channel  to  avoid  interference  due  to  path  difference  of  the  air¬ 
craft  and  ground  stations.  A  candidate  for  a  hybrid  FDM-TDM  format, 
mentioned  as  a  possibility  by  Cornell  Aeronautical  Laboratories  (CAL) , 
would  be  to  use  FDM  for  main  and  auxiliary  array  signals  to  provide 
the  conical-to-planar  beam  corrections.  Since  the  Hazeltine 
antenna  approach  is  to  generate  planar  beams  from  a  single  antenna 
the  hybrid  format  as  suggested  by  CAL  is  unnecessary.  The  TDM 
format  of  SC-117  was  retained  since  it: 

1)  provides  minimum  co  channel  and  ajacant  channel  interference 

2)  uses  a  single  processor  in  the  aircraft 

3)  provides  adequate  data  rate  for  all  functions  with  growth 
capability 

4)  permits  independent  testing  of  functions 

b.  Dual  Scan  -  the  selection  of  SEDS  in  preference  to  SIDS 

The  signal  format  of  the  Doppler  MLS  includes  dual  scan,  which  is 
available  in  two  forms:  sequential  (SEDS)  and  simultaneous  (SIDS). 

The  former  was  proposed  in  the  SC-117  report  and  the  Hazeltine 
proposal.  The  latter  was  proposed  by  Hazeltine  as  an  alternative 
offering  the  maximum  in  performance,  and  therefore  deserving  some 
consideration.  The  study  reported  in  this  section  presents  numerous 
considerations  in  choosing  SEDS  or  SIDS. 
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The  ultimate  in  performance  is  obtainable  from  SIDS  at  some 
system  cost.  This  includes  a  few  refinements  not  possible  in 
SUDS.  One  is  'chirp'  cancellation  to  cope  with  a  problem  of 
antenna  design  and  application.  Another  is  related  to  multipath 
error  reduction  by  multiscan  motion  averaging,  the  greatest 
benefit  being  realized  by  excluding  one  of  the  two  sets  of 
'grating  lobes'.  Both  of  these  refinements  are  in  the  'luxury* 
class,  not  being  essential  to  the  basic  performance  of  Doppler 
MLS. 

On  the  other  hand,  all  the  essential  features  of  performance 
are  obtainable  from  SEDS  with  the  simplest  transmitter  and  an 
option  of  the  ultimate  simplicity  in  the  receiver.  For  the 
present  baseline  system,  the  selection  of  SEDS  is  based  on  all 
considerations,  with  some  weighing  in  favor  of  simplicity  and 
economy. 

c.  Frequency  Coding  Rationale 

In  the  interest  of  achieving  high  spectrum  utilization,  the 
frequency  coding  plan  uses  the  entire  available  guidance 
spectrum  for  each  function.  This  implies  that  the  code  or 
frequency  per  unit  angle  is  different  for  AZ,  EL-1,  and  EL-2 
functions,  although  each  individual  function  is  identical  at 
each  airport  configuration.  The  major  factors  effecting  the 
choice  involves  MLS  coverage  requirements  from  each  antenna 
and  processor  complications  resulting  from  different  codes. 

Since  the  AZ  coverage  requirements  are  120  degrees  with  possible 
growth  to  180  degrees,  and  since  the  EL-2  coverage  requirements 
are  only  10  degrees,  a  uniform  code  for  all  functions  is 
extremely  wasteful  of  bandwidth.  Therefore,  the  receiver  must 
accommodate  several  codes.  In  order  to  simplify,  the  translation 
from  frequency  to  angle  in  the  receiver,  a  harmonic  relationship 
is  required  between  functions.  The  following  code  meets  this 
requirement  and  is  chosen  for  the  baseline  in  our  format. 

AZ :  333  1/3  Hz  per  degree 

ELI:  1000  Hz  per  degree 
ELZ :  2000  Hz  per  degree 
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d.  Spectrum  Control  Requirements 

The  Doppler  MLS  concept  employs  electronic  scan  techniques  to 
generate  the  required  Doppler  signals  in  spaae.  Three  types  of 
Doppler  MLS  scanners  are  identified  and  each  technique  involves 
switching  or  phase  shifting  RF  signals  which ,  of  course,  produce 
frequency  sidelobes.  In  the  TACD  proposal  we  identified  the 
required  spectrum  control  mechanism  (switching  at  low  power  levels) 
but  did  not  define  the  requirements  for  the  beareport  or  model 
scanners  used  in  all  EL  and  the  configuration  K  AZ  antennas 
respectively.  The  study  in  this  section  defines  the  Doppler  MLS 
spectral  control  requirements  to  preclude  adjacent  and  co-channel 
interference.  The  results  of  the  study  show  that  frequency  side- 
lobes  must  be  kept  within  the  following  bounds  to  preclude  inter¬ 
ference. 

o  first  frequency  sidelobe  suppression  should  be  at  least 
16  dB 

o  73  kHz  from  angle  band  center  the  frequency  sidelobes 
should  be  at  least  20  dB 

o  310  kHz  from  angle  band  center  the  frequency  sidelobes 
should  be  at  lease  30  dB 

The  methods  to  achieve  the  spectrum  control  have  been  discussed  in 
the  antenna  section  1.1. 1.1.,  Part  C  and  a  complete  RPI  study  is 
included  in  the  receiver  section  1.1. 1.1,,  Part  D. 

e.  Timing  Relationship  Between  Parameters 

The  basic  overall  timing  cycle  is  determined  by  the  data  rate 
selected  baaed  on  an  accuracy-data  trade  off  study  performed  for 
Hazeltine  by  Sperry.  The  timing  within  each  scan  cycle  is 
determined  by  a  number  of  factors  concerning! 

o  buffer  times 

o  receiver  AGC  requirements 

o  receiver  STALO  requirements 

o  auxiliary  data 

o  minimum  number  of  scans  per  function  time 
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o  relative  timing  between  functions 
o  integrity 

As  a  result  of  the  studies  in  this  section,  the  scan  cycle  shown 
in  figure  9-29  was  developed.  It  consists  of  a  start  pulse  and  a 
multiscan  pulse.  During  the  first  300  microseconds  of  the  start 
pulse,  a  reference  carrier  only  signal  is  transmitted  to  facilitate 
receiver  AGC  and  AFC  operation.  This  period  is  followed  by  1.7  ms 
of  function  ident  and  auxiliary  data  tones.  Following  the  2  ms  start 
pulse,  the  auxiliary  data  tones  are  inhibited  at  the  transmitter, 
(except  tone  G  as  used  for  sidelobe  suppression)  and  the  multiscan 
time  is  initiated  by  an  upper  sideband  Doppler  transmission.  The 
multiscan  duration  for  a  specific  function  is  fixed  at  all  facilities. 
The  minimum  number  of  scans  in  a  multiscan  is  defined  as  16  times 
the  effective  Doppler  baamwidth  for  granularity  resolution. 

In  the  TACD  proposal,  we  indicated  that  phase  cycling  was  difficult 
to  achieve  due  to  stringent  implementation  control  requirements  in 
order  to  realize  the  full  benefit  from  phase  cycling.  Upon  further 
analysis,  we  formulated  an  approach  to  include  phase  cycling  and 
this  concept  is  discussed  fully  in  section  1.1. 1.1,  Part  D.  As  a 
result  of  the  phase  cycling  requirements,  a  harmonic  relationship 
was  needed  between  the  scan  time  and  the  angle  offset  frequency. 

An  angle  offset  frequency  of  100  kHz  satisfied  this  requirement 
and  is  used  as  a  baseline. 

f.  Power  Budget 

The  power  budget  was  refined  based  on  updated  design  concepts  from 
the  antenna,  receiver,  and  propagation  studies.  The  power  budget 
tabulated  below  for  configurations  K  and  D  reflect  a  conservative 
approach  in  that  the  angle  and  reference  functions  are  integrated 
in  each  EL  antenna  (3  dB  loss  in  power)  and  the  Ryde-Ryde  model 
was  used  for  rain  attenuation  while  satisfying  the  full  range 
requirements  in  50mm/m  rain.  It  should  be  noted  that  tna  discussion 
in  Section  1.1.1.  Part  F,  allocates  a  20  dQ  rain  attenuation 
allowance  for  Ku  band  which  is  exceeded  by  10  dB  in  the  figures 
presented  below.  The  power  requirements  for  a  maximum  of  20  dB 
rain  attenuation  are  given  in  parenthesis. 
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CONFIG  K  CONFIG.  D 


AZ 

EL-l/L 

EL-l/H 

EL- 2 

BCAZ 

AZ 

EL-l/L 

Tower 

Reference: 

30 

6.4 

o 

• 

CD 

30 

(3) 

4 

2 

3 

Sideband 

1.4 

1.6 

0.20 

9 

(.9) 

1.4 

0.7 

0.7 

Nc,s:  Vl1  fxgurei.  in  watts 


2.  Detailed  Discussion  of  Format  Studies 

a.  Time  vs.  Frequency  Division  Multiplexing 

The  hazeltine  Doppler  baseline  system  has  retained  the  time 
division  multiplex  (TDM)  approach  after  careful  review  of  the 
alternative,  frequency  division  multiplex  (FDM) .  The  FDM  format 
is  being  considered  by  some  workers  in  Doppler,  especially  in 
England.  Their  view,  which  is  well  taken,  is  that  FDM  offers 
advantages  when  primary  emphasis  is  placed  on  the  low-cost  user. 
However ,  when  tne  complete  range  of  users  and  requirements  are 
reviewed,  it  is  Hazeltine's  viewpoint  that  the  TDM  approach  can 
better  meet  the  needs  of  the  wide  spectrum  of  civil  and  military 
users,  anticipated  for  ML 5 .  This  viewpoint  has  been  derived 
from  our  studies  of  the  two  formats  by  considering: 

o  The  number  of  separate  MLS  functions 

o  The  number  ox  angle  processors 

o  Data  rate  and  processing  time 

o  Stability  requirements 

o  Interference  effects 

The  following  discussion  presents  only  a  brief  summary  of  our 
studies  in  this  area.  Although  we  have  adopted  TDM  for  our 
feasibility  demonstration  models,  we  plan  to  continue  discussions 
on  this  subject  with  our  team  membor,  Plessey  Radar  of  the  UK, 
which  is  Iso  carefully  :  idying  the  two  alternative  approaches. 
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Definitions: 

Time  division  multiplexing  (TDM)  -  transmits  each  MLS  function 
in  its  own  time  slot.  This  approach  avoids  problems  of  simul¬ 
taneous  transmission. 

Frequency  division  multiplex  (FDM)  -  transmits  each  function  in 
a  separate  frequency  slot.  Thi-  permits  simultaneous  and 
continuous  transmission  of  each  J1LS  function. 

Hybrid  multiplex  -  is  a  combination  of  the  two  approaches.  There 
are  two  hybrid  approaches  that  have  been  suggested.  One  by 
Cornell  Aeronautical  Laboratories  applies  FDM  to  the  two  crossed 
linear  (conical)  antennas  for  obtaining  planar  coordinates  and  TDM 
to  all  other  functions.  A  eecond  hybrid  being  considered  by 
Plessey  places  AZ  and  FL-1  and  data  on  separate  frequency  bands 
and  all  other  functions  on  a  separate  tine  multiplexed  band.  The 

CAL  hybrid  is  not  applicable  to  the  Hazeltine  approach  since  we 

plan  to  provide  planar  coordinates  from  a  single  time  slot. 

The  number  of  processors  that  are  required  in  pure  FDM  is  equal  to 

the  number  of  functions  which  is  indicated  to  be  a  minimum  of  four. 

Since  our  estimates  have  indicated  that  the  cost  of  the  processor 
is  one-quarter  of  the  total  coat  of  the  angle  avionics  package, 
multiple  processors  could  increase  the  cost  substantially.  However, 
there  is  the  argument  that,  if  each  function  is  on  continuously, 
there  is  a  relatively  long  processing  time  available,  a  low-cost 
process  approach  can  be  designed.  This  approach  counts  through 
a  long  series  of  Doppler  Scans  and  its  implementation  is  believed 
to  be  of  substantially  lower  cost.  Therefore,  the  choice  of  FDM 
vs.  TDM  should  not  be  based  on  cost  factors  alone,  since  con¬ 
siderable  additional  definition  is  required  and  definitive  estimates 
must  be  made. 
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The  primary  advantages  that  one  can  state  for  the  FDM  is  the  longer 
processing  time  available  compared  to  TDM  for  any  given  data  rate. 
This  might  be  a  factor  as  much  as  about  four  times.  This  longer 
time  permits  the  use  of  simple  counters  operating  over  the  full 
time  available  presumtively  with  granularity  errors  reduced  to 
tolerable  levels.  There  is  then  the  opportunity  to  design  low- 
cost  receivers,  and,  even  though  multiple  processors  would  be  required, 
for  the  general  aviation  user  with  only  A2  and  EL-1  required, 
there  might  be  a  resultant  overall  cost  reduction. 

However,  there  are  a  number  of  problems  introduced  by  the  FDM 
format,  which  are  all  associated  with  interference  among  the 
functions.  The  first  is  co-channel  interference.  Consider,  a  pure 
FDM  format  or  the  hybrid  format  where  A2  and  EL-1  are  transmitted 
simultaneously  and  the  geometry  shown  below. 


Path  Attenuation 
Rain  Attenuation 
Radiation  Pattern 
Transmitter  Power 
Acceptable  S/I  Ratio 
to  satisfy  CAT  II  Accuracy 

req 


-25  dB 

-  0.4  dB 

-  8  dB 

-  3  dB 


-16  dB 


Total  -52.4  dB 
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In  order  to  preclude  interference  from  the  EL-1  angle  guidance 

signal  in  the  AZ  guidance  band,  the  frequency  sidelobes  must  be 

controlled  to  better  than  -52.4  dB.  Even  if  the  commutated  array 

were  used  for  EL-1  with  electronic  commutating  at  low  level 

2 

(corresponding  to  a  cos  pulse  with  0.1  amplitude  pedestal) ,  the 
sidelobe  control  criteria  would  just  barely  be  satisfied.  Any 
variation  in  the  pedestal  to  say  0.15  (85%  MODULATION)  precludes 
the  use  of  FDM. 

An  additional  interference  problem  exists  for  the  FDM  and  Hybrid 
formats  which  is  differential  Doppler  between  the  reference  signal 
and  angle  sideband  signal.  The  differential  Doppler  occurs 
because  the  reference  signal  is  not  colocated  at  each  functional 
facility.  Since  two  miles  of  runway  typically  separate  the  AZ 
and  EL-1  stations,  the  differential  Doppler  may  be  in  the  order 
of  several  beamwidths. 

There  is  also  the  problem  of  integrating  KU  band  for  EL-2  into 
the  FDM  format.  Stability  requirements  are  the  same  in  absolute 
frequency,  so  stability  expressed  as  a  percentage  is  one-third 
that  at  C-band,  or  a  more  difficult  problem. 

Considering  the  stability,  differential  Doppler,  interference 
effects  leads  one  to  the  conclusion  that  excess  bandwidth  is 
required  to  accommodate  these  factors.  Therefore,  it  is  not 
considered  that, at  this  time,  the  FDM  approach  has  been 
sufficiently  defined  or  techniques  refined  to  the  extent  that 
it  could  be  adopted  to  meet  SC-117  requirements. 

On  the  other  hand,  our  studies  of  the  verification  of  our  Doppler 
approach  utilizing  TDM  have  treated  each  problem  and  arrived  at 
acceptable  solutions.  A  summary  of  these  factors  is  presented 
in  figure  9-29A. 


Report  10926 


ADVANTAGES 

TDM  o  HIGH  DATA  RATE  WHERE 
REQUIRED 

o  SINGLE  PROCESSOR 

o  SIMPLE  PROCESSOR  STILL 
APPLICABLE  TO  RESOLVE 
GRANULARITY  FOR  MANUAL 
OPERATION 

O  COLOCATED  SITES  CAN  USE 
ONE  TRANSMITTER 

O  PERMITS  PARALLEL  TESTING 
OF  MLS  STATIONS  <AZ ,  EL-1, 
ETC)  . 

FDM  O  HIGH  DATA  RATE  POTENTIAL 

O  PERMITS  MULTI SCAN  COUNTING 
TO  RESOLVE  GRANULARITY 

O  SIMPLE  GROUND  LINK  BUT  RE¬ 
QUIRES  FREQUENCY  LOCKED 
TRANSMITTERS. 

o  MULTISCAN  MULTIPATH 
AVERAGING 


HYBRID 

O  HIGH  DATA  RATE  WHERE 
REQUIRED 

O  PERMITS  MULTISCAN  COUNTING 
TO  RESOLVE  GRANULARITY 

o  MULT I SCAN  MULTIPATH 
AVERAGING 

0  LOWER  POWER  REQUIREMENTS 


DISADVANTAGES 

O  UNISCAN  COUNTER  (TIC)  TO 
RESOLVE  GRANULARITY  FOR 
AFCS 

O  TIMING  LINK  REQUIRED  ON 
GROUND 

O  REQUIRES  AFC  OR  STALO  FOR 
HIGH  QUALITY  RECEIVERS 


O  WASTEFUL  OF  BANDWIDTH  TO 
FDM  5  FUNCTIONS  PLUS 
AUXILIARY  DATA. 

O  MULTIPLE  PROCESSORS  TO 
.  REALIZE  HIGH  DATA  RATES 

O  3  TIMES  Ku  BAND  STABILITY 
REQUIREMENTS 

O  REQUIRES  52  dB  EL-1 

FREQUENCY  SIDELOBE  CONTROL 

O  NO  GROWTH  POTENTIAL 


O  MULTIPLE  PROCESSOR  TO 
REALIZE  HIGH  DATA  RATES 

O  3  TIMES  KU  BAND  STABILITY 
REQUIREMENTS 


r.  TIMING  LINK  REQUIRED  ON 
GROUND 

O  REQUIRES  52  dB  ELI 

FREQUENCY  SIDELOBE  CONTROL 

O  REQUIRES  AFC  FOR  ALL 
RECEIVERS 

O  CROSSED  LINEAR  ARRAY  NOT 
REQUIRED  FOR  PLANAR  ANGLES 
CONVERSION  IN  HAZELTIHE  ANTENNAS 


Figure  9-29A.  Multiplex  Tradeoff  Summary 
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Table  9-24. 

DUAL  SCAN 
(SEDS  OR  SIDS) 

DESCRIPTION 

BOTH  SIDEBANDS  WITH  BIDIRECTIONAL  SCAN  (OR  EQUIVALENT) 
SO  EITHER  SIDEBAND  YIELDS  SAME  ANGLE  TONE  IN  RECEIVER. 

PURPOSE 

STALO  CAN  BE  USED  IN  RECEIVER  AS  A  "CLEAN0  CARRIER 
IN  PLACE  OF  RECEIVED  REFERENCE  CARRIER. 

SELECTION 


CHOOSE  BETWEEN: 

SEDS  FOR  SIMPLICITY  AND  ECONOMY; 
SIDS  FOR  MAXIMUM  PERFORMANCE. 

SEDS  IS  PRESENT  RECOMMENDATION. 
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Table  9-25. 

SIMULTANEOUS  DUAL  SCAN 
(SIDS) 

DESCRIPTION 

MUl.l  1  SCAN  WITH  DSB  TRANSMISSION. 

SIMULTANEOUS  BIDIRECTIONAL  SCAN  (OR  EQUIVALENT) 

CAN  YIELD  ANGLE  TONE  WITHOUT  USING  THE  REFERENCE  CARRIER, 

TRANSMITTER  REQUIRES  DUPLICATION  OF  SOME  FUNCTIONS, 

ALSO  SOME  CONSTRAINTS  TO  ENABLE  RECEPTION  OF 
ANGLE  TONE  WITH  SIMPLE  DETECTOR. 

FEATURES 

PERFORMANCE  IS  AVAILABLE  WITH  LEAST  SUSCEPTIBILITY  TO 
MULTIPATH  AND  OTHER  ERRORS  IN  ANGLE  DECODING. 

CHIRP  CAN  BE  CANCELLED  AHEAD  OF  NARROWBAND  FILTER 
AND  LIMITER,  SO  LEAST  BANDWIDTH  CAM  BE  USED. 

REFERENCE  CARRIER  (OR  STALO)  IS  NOT  NEEDED  FOR 
DETFCHON  OF  ANGLE  TONE. 
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Table  9-26. 

SEQUENTIAL  DUAL  SCAN 
(SEDS) 

DESCRIPTION 

MULTISCAN  WITH  ALTERNATE  SSB  TRANSMISSION. 

PHASE  CYCLIN6  CAN  BE  PROVIDED  BY  A  SLIGHT  SHIFT 
IN  FREQUENCY  OF  REFERENCE  CARRIER  IN  TRANSMITTER 
(OR  RECEIVER)  FOR  REDUCING  ERROR -CAUSED  BY  INTERSCAN 
GRANULARITY  IN  MULTISCAN  COUNTING. 

RATIONALE  FOR  SELECTION  OVER  SIDS. 

SIMPLER  TRANSMITTER. 

SIMPLEST  RECEIVER  CAN  BE  USED,  OR  REFINEMENTS  TO  YIELD 
NEARLY  THE  HIGHEST  LEVEL  OF  PERFORMANCE  (SIDS). 

IF  STALO  IS  USED,  UNISCAN  COUNTING  AND  TIMING  WITH 
MULTISCAN  AVERAGING  YIELDS  A  HIGHER  LEVEL  OF 
PERFORMANCE. 
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b.  Dual  Scan  -  Sequential  (SEDS)  or  Simultaneous  (SIDS) . 

Purpose  of  this  section.  In  the  baseline  system  proposed  in  this 
report,  a  choice  .is  made  between  two  distinct  forma  of  "dual  scan". 
Dual  scan  in  some  form  is  expected  to  be  used  in  any  Doppler  Mbs, 
as  described  in  the  SC-117  report.  The  two  forms  of  dual  scan 
(denoted  SEDS  and  SIDS)  are  to  be  described  here  in  detail  sufficient 
to  form  a  basis  for  choosing  one.  The  former  (SEDS)  is  chosen. 

It  is  the  one  described  in  the  SC-117  report,  and  it  was  the  base¬ 
line  form  in  the  Hazeltine  proposal.  The  choice  is  based  mainly 
on  some  advantages  relating  to  simplicity,  reliability  and  economy 
in  the  equipment,  especially  in  the  airborne  receiver. 

Highlights.  An  outline  of  this  topic  was  shown  at  the  June  review 
meeting  and  is  reproduced  here  as  tables  9-24,  9-25,  and  9-26.  It 
may  be  helpful  in  highlighting  the  considerations  which  are  upper¬ 
most  in  this  discussion. 

Background.  The  MLS  accomplishes  frequency  coding  of  angle  in 
space  by  radiating  at  least  one  frequency  component  whose  received 
frequency  is  related  to  the  angle  in  space.  Previous  proposals,  and 
the  present  "baseline"  proposal,  are  based  on  the  radiation  of  a 
strong  reference  carrier  and  somewhat  weaker  sidebands .  The  former 
is  at  a  fixed  frequency  (fc)  and  the  latter  at  a  frequency  differ¬ 
ence  which  provides  the  coding  of  the  angle.  This  difference  is 
unaffected  by  the  Doppler  shift  of  both  components,  caused  by 
the  radial  speed  of  the  aircraft  carrying  the  receiver. 

The  Doppler-scan  system.  Thi3  system  relies  on  the  radiation  of 
at  least  one  component  from  a  moving  source  on  a  linear  aperture 
(or  equivalent)  so  that  the  received  frequency  has  a  deviation 
related  to  the  angle  from  the  broadside  direction.  One  such 
operation  is  termed  one  scan.  In  previous  proposals,  and  in  the 
baselinu  system  herein,  the  reference  carrier  and  one  sideband  fre¬ 
quency  ( f c  t f Q)  are  radiated  at  one  time,  the  latter  radiation  being 
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somewhat  weaker  (1/2  amplitude)  and  being  scanned  on  the  aperture 
to  develop  a  Doppler  shift  (f^)  for  angle  coding.  Therefore  this 
one  sideband  carries  the  guidance  information ,  with  some  handicap 
in  being  the  weaker  component. 

Dual  scan.  The  Doppler-scan  system  requires  only  one  sideband/ 
but  dual  scan  using  both  sidebands  has  been  proposed  by  Hazeltine 
and  others  for  accomplishing  some  further  objectives.  The  essen¬ 
tials  of  dual  scan  are  here  to  be  reviewed  with  reference  to 
figure  9-30. 

First,  figure  9-30 (a)  shows  the  principle  of  Doppler  scan  for 
frequency  coding  of  angle  in  space.  The  angle  tone  is  transmitted 
as  modulation  at  the  difference  frequency  of  two  radiated  com¬ 
ponents.  Figure  9-20 (b)  shows  the  bandwidth  for  selection  of  the 
angle  tone  after  detection  in  the  receiver.  The  carrier  and  one 
sideband  are  sufficient  for  this  operation,  so  it  may  be  completed 
in  one  scan. 

Sequential  dual  scan  (SEDS) .  Figure  9-30 (c)  shows  this  form  of 
dual  scan,  which  utilizes  sequential  alternate  transmission  of 
upper  and  lower  sidebands,  each  providing  the  angle-coding  frequency 
of  modulation.  The  feature  of  bidirectional  scan  on  opposite  side¬ 
bands  provides  the  Doppler  shift  necessary  for  this  result. 

Figure  9-30 (d)  shows  one  method  of  detection  which  is  made  possible 
by  dual  scan,  and  will  be  a  subject  of  further  discussion.  The 
opposite  sidebands  are  individually  selected,  then  separately 
detected  with  the  carrier  in  two  product  detectors.  Instead  of  the 
carrier,  a  "clean"  carrier  may  be  substituted  in  the  form  of  a  stable 
local  oscillator  (STALO)  at  nearly  the  same  frequency.  A  slight 
difference  from  the  carrier  frequency  is  tolerable  because  the 
average  value  of  modulation  frequency  from  both  sidebands  still 
has  the  correct  value. 

Simultaneous  dual  scan  (SIDS) .  Figure  9-30  (e)  showB  this  form  of  dual 
scan,  which  utilizes  simultaneious  transmission  of  both  sidebands.  Then 
detection  of  the  doubled  modulation  frequency  can  be  accomplished  with¬ 
out  the  carrier,  by  separating  the  sidebands  as  in  (d)  and  applying 
them  to  a  product  detector.  This  offers  some  added  advantages  that 
will  be  discussed  further  on.  Figure  S.l  (f)  shows  the  selection 

of  the  resulting  angle  tone  after  dotection. 
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Figure  9-30.  Dual  Scan  in  Various  Forms  and  its 
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EECU  S3  TO  ONE  PRODUCT  DETECTOR 
WITH  CARRIER  OR  STALC 
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Figure  9-30.  Dual  Scan  in  Various  Forms  and  its 

Detection  in  the  Receiver.  (Sheet  2) 
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The  time-frequency  diagram.  Figure  9-31  shows  the  spectrum 
utilization  of  some  signal  formats,  mapped  on  time-and-f requency 
coordinates.  The  basic  concept  of  dual  scan  (a)  is  detailed  fur¬ 
ther  in  lb)  and  (c)  to  show  the  difference  between  SIDS  and  SEDS 
in  a  multiscan  format.  It  is  noted  that  SIDS  makes  full  use  of 
the  available  spectrum  capacity  and  SEDS  only  one-half,  this  being 
one  of  various  factors  in  making  a  comparison. 

A  stable  local  oscillator  (STALO)  as  a  reference  carrier  for  the 
angle  decoder.  The  radiated  reference  carrier  is  limited  in 
power  and  may  suffer  contamination  in  transmission  to  the  re¬ 
ceiver.  In  the  receiver,  a  stable  local  oscillator  (STALO)  may  be 
provided  at  nearly  the  same  frequency,  subject  to  automatic  pre¬ 
setting  or  slow  tracking.  Then  this  oscillator  is  used  as  a  ''clean" 
reforenc'’  carrier  of  any  desired  strength  relative  to  the  received 
sidebands.  Any  slight  error  in  its  frequency  has  opposite  effects 
on  the  frequency  decoding  of  opposite  sidebands,  so  the  average  is 
free  of  such  error  and  is  used  for  angle  decoding.  The  same  auplies 
to  any  Doppler  shift  caused  by  the  radial  speed  of  the  aircraft. 

This  feature  of  dual  scan  provides  two  benefits: 

(?)  It  avoids  any  disturbance  of  the  angle  decoding 
that  might  be  caused  by  contamination  of  the 
reference  carrier. 

(b)  It  enables  detection  of  the  difference  fre¬ 
quency  in  a  manner  that  ignores  the  daua-tone 
sidebands  close  to  the  reference  carrier. 

The  basis  for  comparison  of  SEDS  and  SIDS.  Either  of  these  offers 
some  practical  advantages  related  to  performance,  reliability, 
simplicity  and  economy.  These  are  not  clearly  separable.  In  parti¬ 
cular,  their  weighting  is  different  for  transmitter  and  receiver, 
and  for  different  levels  of  compromise  between  performance  and  econ¬ 
omy.  For  any  signal  format,  there  are  numerous  choices  as  to  imple¬ 
mentation  in  transmitter  and  receiver.  The  intention  herein  is  to 
present  the  various  considerations  in  a  form  that  would  be  helpful 
in  making  a  selection  between  SEDS  and  SIDS  for  tne  Doppler-scan  MLS. 
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The;  system.  The  signal  format  would  be  expected  to  include  a 
clear  choice  of  SEDS  or  SIDS,  "’he  latter,  as  will  be  seen,  requires 
a  choice  as  to  phase  relation  ’  .ween  reference  carrier  and  angle- 
coding  sidebands.  In  the  present  discussion,  there  is  not  assumed 
any  restriction  on  this  phase  relation,  except  where  specified. 

Primary  attention  is  given  to  implementation  and  evaluation  that 
ignores  this  relation  and  therefore  does  not  require  such  restriction. 

The  transmitter.  The  ground  equipment  generates  and  radiates  the 
signal  format  for  frequency  coding  of  the  directional  angles  from 
the  centerline  of  a  runway.  There  will  first  be  stated  the 
peculiarities  of  SEDS  and  SIDS  in  context  of  signal  format,  with 
reference  to  some  problems  cf  implementation  in  the  transmitter. 

There  will  be  little  reference  to  the  antenna  because  it  is  thought 
that  it  would  not  be  a  deciding  factor  in  choosing  between  SEDS  and 
STDS . 

Transmission  of  SEDS.  This  form  of  Doppler  scan  relies  on  time 
sharing  for  dual  scan,  radiating  USB  and  LSB  in  alternate  scans 
of  a  multiscan  series.  In  one  respect,  this  method  is  simplest 
because  only  one  of  the  two  sideband  frequencies  is  radiated  during 
one  scan.  It  does  require  a  SSB  modulator  to  provide  either  side¬ 
band  alone.  It  requires  a  multiscan  format  (with  an  even  number) , 
which  however  would  be  used  for  another  reason,  the  utilization  of 
the  available  time  and  frequency  bandwidth. 

Transmission  of  SIDS.  This  form  of  dual  scan  is  complete  in  each 
scan,  but  however  would  likewise  be  used  in  a  multiscan  format 
for  utilisation  of  the  available  time  and  frequency  bandwidth. 

If  the  antenna  is  made  of  aperture  ports  with  Doppler  scan  by 
sequential  switching,  SIDS  excitation  required  doubling  some  or 
all  of  the  circuits  needed  for  SEDS  excitation.  The  same  is  true 
if  a  beamport  antenna  is  used  with  phasers  for  angle  coding.  On 
the  oth"r  hand,  if  a  beamport  antenna  is  used  and  the  ar.gle-coding 
frequencies  are  developed  from  angle-tone  low  frequencies,  a  simple 
DS'i  modulator  may  be  used  at  each  beamport. 
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Carrier  modulation  by  SEES.  In  this  form  of  dual  scan,  the 
reference  carrier  is  said  to  have  single-sideband  (SSB)  modu¬ 
lation  or,  more  specifically,  alternate  SSB.  This  may  be  regarded 
as  a  combination  of  amplitude  modulation  (AM)  and  phase  modulation 
(PM),  and  the  difference  frequency  may  be  derived  from  either  kind 
of  detector.  The  simplest  detector  is  the  envelope  detector  which 
responds  only  to  AM.  It  may  be  utilized  in  a  simple  receiver  for 
recovering  the  angle-coding  tone  at  the  difference  frequency. 

Carrier  modulation  by  SIDS.  A  simultaneous  pair  of  sidebands  (DSB) 
has  phase  coherence  with  the  carrier.  Therefore  there  are 
several  significant  castB  of  relative  phase.  In  general,  the 
relative  phase  determines  whether  the  sidebands  together  correspond 
to  At'  or  FM  or  a  mixture  of  both. 

(a)  Equal-phase  radiation  of  sidebands  and  carrier 
from  a  common  phase  center  in  the  antenna.  This 
is  AM  so  it  can  be  detected  by  a  simple  rectifier 
or  envelope  detector. 

(b)  Quadrature-phase  radiation  of  sidebands  and 
carrier  from  a  common  phase  center  in  the  antenna. 
The  first-order  effect  is  PM,  which  can  be 
detected  by  a  phase  detector  (or  by  a 
frequency  discriminator) . 

(c)  Accidential  constant  or  slowly  wandering  phase 
difference.  Which  kind  of  DSB  modulation  happens 
to  occur,  cannot  be  relied  on,  so  a  SSB  method  of 
detection  iE  chosen  which  ignores  the  phase.  One 
detector  receives  only  one  sideband,  which  is 
compared  with  the  carrier  (or  STALO)  to  derive  the 
frequency  difference.  Two  such  detectors  may  be 
provided  to  utilize  both  sidebands  separately, 
then  the  average  difference  frequency  may  be 
computed. 
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Radiation  from  a  common  phase  center,  as  in  (a)  or  (b)  ,  can  be  pro¬ 
vided  by  using  a  common  aperture  or  by  locating  a  reference-carrier 
(smaller)  radiator  in  the  center  of  the  aperture;  the  latter  cannot 
be  located  at  one  side  of  the  aperture. 

Detection  of  SIDS  without  a  carrier.  As  previously  mentioned,  the 
angle  tone  may  be  recovered  as  1/2  the  frequency  difference  between 
the  pair  of  sidebands  in  SIDS.  This  avoids  the  question  of  phase 
relation  to  a  carrier  (or  STALO)  and  requires  separating  the  side¬ 
bands  from  the  carrier  if  one  is  radiated.  The  pair  of  sidebands 
may  be  selected  together  and  applied  to  an  AM  detector  to  derive 
their  difference  frequency.  Preferably,  they  may  be  selected 
separately  and  applied  to  a  product  detector  (balanced  modulator) . 
Such  separation  is  necessary  if  each  sideband  is  to  be  subject  to 
a  limiter  before  comparing  the  two  sidebands.  Either  of  these 
methods  may  be  used  for  chirp  cancellation  in  detection,  yielding 
directly  the  angle  tone  doubled  in  frequency  and  free  of  chirp. 

The  receiver.  The  airborne  receiver  ip  the  "customer"  in  the  MLS. 
After  being  tuned  to  one  runway,  it  senses  the  radiated  signal 
and  derives  therefrom  its  directional  angles  measured  from  the 
centerline  of  this  runway.  The  receiver  will  be  used  in  large 
numbers  and  in  a  variety  of  designs.  The  receiver  is  required  to 
derive  from  the  radiated  signal  such  information  as  may  be  needed 
for  carrying  out  a  plan.  Special  attention  is  given  here  to  some 
receiver  problems  that  might  be  different  for  SEDS  and  SIDS. 

Simple  detection  for  SEDS.  From  the  discussion  of  carrier  modulation 
by  SEDS  or  SIDS,  it  appears  that  the  former  is  naturally  suited 
to  the  simple  envelope  detection  of  the  entire  signal  in  the  re¬ 
ceiver.  The  modulation  by  SIDS  would  require  special  control  of 
carrier  phase  in  the  transmitter,  or  would  require  some  selection  of 
sidebands  (from  carrier  or  from  each  other)  before  detection  in  the 
receiver . 
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The  need  for  chirp  cancellation  in  a  receiver.  "Chirp"  is 
frequency  modulation  of  the  angle-coding  sideband,  caused  by 
departure  from  focus  of  the  radiating  aperture.  It  causes  similar 
phase  deviation,  and  hence  frequency  shift,  in  both  sidebands.  In 
SIDS,  the  direct  comparison  of  the  two  sidebands  offers  chirp  can¬ 
cellation  in  the  receiver.  In  some  cases,  the  chirp  may  substan¬ 
tially  increase  the  spectrum  bandwidth  of  the  Doppier-scan  angle 
tone.  The  average  frequency  over  one  scan  remains  the  same  so  there 
is  not  necessarily  an  error  in  angle  decoding.  Therefore  chirp  can¬ 
cellation  may  offer  an  improvement  only  on  cases  such  as  the 
following : 

(a)  If  there  is  a  narrowband  filter  centered  near  the 
angle-tone  frequency,  it  may  be  desirable  to  use 
the  least  bandwidth. 

(b)  If  there  is  a  wideband  filter  with  sharp  cutoff, 
the  same  nay  be  true. 

In  the  baseline  system  described  herein,  neither  of  these  problems 
is  expected  to  be  severe.  It  remains  that  chirp  cancellation  does 
leave  open  some  options  in  design  of  antenna  and/or  receiver  for 
any  particular  signal  format. 

Grating  lobes  in  motion  averaging.  Multipath  reception  may  cause  an 
error  in  the  frequency  measurement  of  the  angle  tone  during  one  scan. 
Multiscan  averachig  during  receiver  motion  may  greatly  reduce  this 
error,  Unde’"  certain  conditions,  the  ohenomenon  called  "grating 
’ones"  < GL )  may  prevent  motion  averaging.  Therefore  it  is  desired 
o;  minimi.?-:,  this  effect.  It  happens  that  there  are  two  sets  of 

general,  occurring  when  the  path-difference  motion  frequency 
is  an  odd  or  even  multiple  of  the  coding-frequency  difference 
corresponding  to  1/2  beamwidth. 

(a)  In  SIDS,  because  the  scans  are  individually 
repetitive,  only  the  even  GL  are  present,  so 
the  maximum  advantage  of  motion  averaging  is 
achieved . 

(b)  In  SEDS,  because  the  scans  are  repetitive  in  pairs, 
the  odd  GL  are  interspersed  with  the  even. 
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In  practical  situations,  the  combined  effect  of  both  sets  may  be 
little  more  detrimental  than  that  of  the  even  set  alone.  The  one 
condition  likely  to  be  persistent  is  near  the  zero  GL,  which  is 
present  in  either  SIDS  or  SEDS.  Any  other  GL  is  likely  to  be  a 
transient  effect  of  less  concern.  Motion  averaging  in  the  receiver 
is  inherent  in  the  multiscan  signal  format,  so  only  the  difference 
in  behavior  is  relevant  to  a  choice  between  SIDS  and  SEDS. 

The  simplest  receiver  for  SEDS.  This  opportunity  is  one  of  the 
principal  advantages  of  SEDS,  so  it  deserves  most  attention.  By 
relying  on  the  reference  carrier  and  the  simplicity  of  SSB  modula¬ 
tion  for  angle  coding,  the  envelope  detection  of  the  composite 
signal  yields  all  data  tones  and  the  angle  tone.  This  was  proposed 
in  the  SC-117  report.  There  are  strong  arguments  for  leaving  avail¬ 
able  this  simplest  receiver,  at  least  as  one  option.  This  is  true 
in  spite  of  the  fact  that  a  higher  level  of  performance,  even  with 
SEDS,  requires  a  more  complicated  receiver  and  may  be  needed  in 
some  cases. 

The  maximum  performance  available  in  a  receiver  for  SEDS.  In  consi¬ 
dering  the  choice  of  SEDS,  it  is  essential  to  perceive  the  maximum 
performance  available  in  a  receiver.  To  this  end,  the  following 
features  may  be  considered  for  the  receiver. 

(a)  The  STALO  as  a  "clean"  reference  carrier. 

(b)  The  individual  selection  of  USB  and  LSB ,  and 
their  detection  in  two  separate  circuits. 

(c)  A  prefilter  in  each  circuit  to  select  a  wide 
or  narrow  range  of  angle-tone  coding  in 
preference  to  multipath  interference  and  noise. 
There  is  no  interscan  overlap  in  either  circuit. 

(d.  Alternate-scan  time  gates  for  frequency  measurement 
by  counting  and  timing  in  each  scan,  then 
averaging  over  one  multiscan. 

(e)  A  self-tracking  narrowband  digital  postfilter  for 
further  reduction  of  multipath  error. 
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Item  (d)  provides  that  the  receiver  respond  only  to  the  active 
sideband  daring  each  scan,  rejecting  the  noise  in  the  inactive 
sideband  and  thereby  realizing  the  maximum  signal/noise  ratio. 

The  extra  performance  available  only  in  a  receiver  for  SIDS.  This 
is  the  range  of  performance  that  would  become  unavailable  on 
choosing  SEDS , 

(a)  Avoiding  the  "odd"  GL. 

(b)  Chirp  cancellation. 

Comparison  of  SEDS  and  SIDS.  There  are  a  few  areas  where  these 
two  forms  of  dual  scan  can  be  clearly  differentiated  in  respect 
to  performance  or  implementation  in  3ome  part  of  the  system. 

Table  9-27  contains  an  outline  of  such  a  comparison.  It  is 
intended  for  reference  in  drawing  conclusions  and  making  a  choice. 

In  table  9-27,  item  (1)  requires  some  further  interpretation. 

A  receiver  for  SEDS,  during  each  scan,  may  gate  out  the  noise  in  the 
inactive  sideband  and  thereby  recover  the  maximum  signal/noise 
ratio. 

In  choosing  between  SEDS  and  SIDS,  these  are  the  principal  tests 
of  the  one  to  be  chosen. 

(a)  Net  advantage  in  typical  applications,  which 
may  place  comparable  weight  on  performance 
and  economy  (a  cost-effective  compromise) . 

(b)  The  availability  of  nearly  the  highest  perform¬ 
ance  at  additional  cost  for  the  most  demanding 
applications  (autoland) . 

Table  9-27.  Comparison  of  SEDS  and  SIDS 

SEDS  SIDS 

(1)  The  utilization  of  the  spectrum  channel  capacity  (the  product 
of  time  and  frequency  bandwidth) ;  full  utilization  is  desired  for 
tolerance  of  thermal  noise  relative  to  average  power. 

Half  utilization,  because  only  Full  utilization,  because  both 

one  of  two  sidebands  is  radi-  sidebands  are  radiated, 

ated  at  one  time. 
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Table  9-27.  COMPARISON  OF  SEDS  AND  SIDS  (Cont) 


SEDS  SIDS 

(2)  in  a  transmitter  using  aperture  porta  with  sequential 
switching . 


iinplu.  Requires  simultaneous  execu¬ 

tion  at  LSB  and  USB  i  j  eqtu  n- 
cies  with  opposite  direct  ei.c 
of  switching  (crossing  at  oi.e 
point  in  the  aperture);  re¬ 
quires  tWO  Sets  Of  SV.j  ttlita. 


(3)  in  a  transmitter  using  beam  ports  with  simultanecus  frequency 
coding  of  angle. 


Requires  simultaneous  oxcj  ca¬ 
tion  of  each  port  at  LSB  and 
USB  frequencies;  may  be  pro¬ 
vided  by  an  amplitude  modula¬ 
tor  at  each  port. 

phase  control  and  a  coincident 
reference  carrier  and  angle-coding 

Required  if  DSB  is  to  be  re¬ 
ceived  as  AM  on  the  reference 
carrier. 

the  receiver,  the  simplest  detection  of  the  angle  tone 


Requires  alternate  excitation 
of  each  port  at  LSB  and  USB 
frequencies. 


(4)  In  the  transmitter,  relative 
phase  center  of  radiation  for  the 
sidebands . 

Not  required  for  SSB,  so  a 
separate  antenna  may  be  used 
tor  the  reference  carrier. 

(5)  In 

by  use  of  the  reference  carrier. 

Common  envelope  detector  for 
recovering  data  and  angle  tones; 
the  angle  tone  is  subject 
to  any  contamination  of  the 
reference  carrier. 


Common  envelope  detector  can  be 
used  if  the  radiated  signal  lias 
a  phase  relation  between 
carrier  and  angle  sidebands  to 
assure  amplitude  modulation; 
detection  is  insensitive  to 
contamination  of  reference 
carrier. 
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Table  9-27.  COMPARISON  OF  SEDS  AND  SIDS  (Cont) 

SEDS  SIDS 


(6)  In  the  receiver,  the  use  of  multiscan  motion  averaging  against 
multipath  errors  in  angle  decoding;  such  averaging  fails  at  certain 
"grating  lobe"  frequencies  of  path-difference  speed. 

"Even"  and  "odd"  series  of  GL.  Only  the  "even"  series  of  GL. 

(7)  In  the  receiver,  a  direct  comparison  of  two  sidebands;  this 
avoids  the  need  for  a  reference  carrier  or  STALO;  this  gives 
instantaneous  cancellation  of  chirp  so  the  angle  tone  has  minimum 
bandwidth. 

Not  available.  Requires  selection  of  the  angle 

sidebands  free  of  the  carrier 
and  data  sidebands. 


These  tests  apply  differently  to  transmitter  and  receiver,  as 
follows: 


(c)  In  the  transmitter,  the  emphasis  may  be 
directed  to  simplicity  for  reliability. 

(1)  In  the  receiver,  the  emphasis  may  be  directed 
to  the  availability  of  design  options  for: 

(i)  Simplicity  and  economy: 

(ii)  Refinement  at  a  price. 

Here  we  shall  state  the  few  factors  which  seem  to  be  most  signifi¬ 
cant.  The  above  tests  appear  to  favor  SEDS,  which  therefore  is 
being  chosen  for  the  baseline  system. 

Advantages  of  SIDS. 

(a)  Detection  by  directly  comparing  the  pair  of  side¬ 
bands,  without  reliance  on  the  received  reference 
carrier  or  a  STALO;  cancellation  of  chirp. 

(b)  In  multiscan  motion  averaging,  the  "grating  lobes" 
are  minimized. 
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Advantages  of  SEDS. 

(a)  Ultimate  simplicity  available  in  the  receiver, 
using  the  reference  carrier  with  alternate 
sidebands  in  a  simple  detector  to  derive  the 
data  tones  and  angle  tone. 

(b)  Simplicity  in  the  transmitter,  radiating  only 
one  sideband  at  a  time.  Avoids  duplication 
of  circuits  in  generating  the  angle-coding 
excitation  of  the  antenna  aperture. 

(c)  This  form  has  received  more  attention  and  study, 
so  it  may  be  more  familiar  and  more  thoroughly 
understood. 

Conclusion.  From  these  considerations,  the  following  summary  may  be 
stated. 

(a)  SIDS  offers  greatest  potential  in  performance 

at  any  cost,  while  lacking  some  opportunities  in 
simplicity  and  economy. 

(b)  SEDS  offers  the  option  of  ultimate  simplicity  and 
economy,  with  other  options  in  the  receiver 
yielding  nearly  the  maximum  performance. 

(c)  Either  SIDS  or  SEDS  appears  capable  of  providing 
a  satisfactory  system. 

(d)  SEDS  is  selected,  as  a  practical  compromise 
weighted  in  favor  of  simplicity  and  economy. 

c.  Frequency  Coding  Rationale 

In  the  interest  of  achieving  high  spectrum  utilization,  the  frequency 
coding  plan  uses  the  entire  available  guidance  spectrum  for  each 
function.  This  implies  that  the  code  or  frequency  per  unit  angle  is 
different  for  AZ,  ELI,  and  EL2  functions,  although  each  individual 
function  is  identical  at  each  airport  configuration.  The  major 
factors  effecting  the  choice  involves  MLS  coverage  requirements 
from  each  antenna,  natural  codes  in  space,  and  processor  implications 
resulting  from  different  codes. 
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Coverage .  Since  the  AZ  coverage  requirements  are  120  degrees  (with 
growth  potential  to  160  degrees)  and  the  EL- 2  coverage  requirements 
are  only  10  degrees,  a  uniform  code  for  all  functions  is  extremely 
wasteful  of  bandwidth.  Therefore,  for  a  given  bandwidth,  the  codes 
vary  12:1  from  AZ  to  EL-2.  In  order  to  accommodate  antennaB  that 
do  not  employ  the  beamport  technique  (such  as  the  linear  array 
described  in  SC-117),  A  6:1  variation  in  code  is  used  as  a  baseline. 

Natural  Codes  In  Space.  By  natural  codes  in  space,  we  mean  the  code 
naturally  produced  by  a  given  type  of  antenna.  For  example,  a 
linear  array  (conical  beam  antenna)  produces  a  code  f  o  sin  e  and  a 
circular  array  (planar  beam  antenna)  produces  a  code  foe*  The 
difference  in  the  two  codes  is  reflected  in  the  "small  angle" 
code  when  the  entire  bandwidth  is  used.  These  considerations  are 
summarized  in  figure  9-32. 

In  AZ  when  the  full  40  kHz  bandwidth  is  used,  then  the  conical  array 
produces  a  400  Hz  per  degree  "small  angle"  coding  and  the  planar 
coordinate  array  produces  a  333  1/3  Hz  per  degree  "small  angle" 
coding.  Obviously  both  antenna  systems  cannot  be  accommodated  if 
full  use  is  made  of  the  available  bandwidth  unless  separately 
identified.  Since  the  Doppler  MLS  technique  to  produce  planar 
coordinates  can  be  accomplished  in  a  single  antenna,  the  333  1/3  Hz 
per  degree  code  is  chosen  for  the  AZ  function  (20  kHz  divided  by 
60  degrees) .  Similar  reasoning  is  used  to  establish  a  code  for 
ELI  and  EL2  of  1kHz  per  degree  and  2kHz  per  degree  respectively. 
However,  if  the  same  analysis  is  applied  to  BC  AZ,  then  the  BC  AZ 
antenna  code  is  500  HZ  per  degree  (only  +40  degrees  coverage 
required) .  In  order  to  permit  growth  in  the  BC  AZ  function  and  to 
obtain  compatibility  with  the  AZ  function  a  333  1/3  Hz  code  is  used. 

Processor  Implications.  The  implications  of  the  different  codes  in 
the  processor,  is  a  scale  factor  adjustment.  In  a  digital  processor, 
where  the  measured  frequency  is  determined  by  counting  the  number 
of  cycles  and  dividing  by  the  time  interval,  this  normalization 
can  be  incorporated  in  or  after  the  frequency  measurement 
circuitry.  The  most  cost  effective  approach  is  to  incorporate 
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the  normalization  in  the  counter  by  changing  the  effective  time 
interval.  This  is  accomplished  by  programming  a  clock  frequency 
according  to  function  identification. 

In  order  to  simplify,  the  normalization  procesu,  a  harmonic 
relationship  is  required  between  function  codes.  For  the  alterna¬ 
tive  codes  shown  in  figure  9-32,  the  codes  tabulated  below  for 
each  function  satisfy  this  requirement  and  in  chosen  for  the  base¬ 
line  in  our  format. 

AZ :  333  1/3  Hz  per  degree 

EL-1:  1000  Hz  per  degree 

EL-2:  2000  Hz  per  degree 

BC  AZ :  333  1/3  Hz  per  degree 

d.  Spectrum  Control  Requirements: 

The  Doppler  MLS  concept  employe  electronic  scan  techniques  to 
aenerate  the  required  Doppler,  signals  in  space.  Three  types  of 
Doppler  MLS  scanners  are  identified  and  each  technique  involves 
switching  or  phase  shifting  ri  signals  which  of  course  produce 
frequency  side  Lobes.  In  the  TAC'D  prcpOBal  we  identified  the 
required  spectrum  control  mechanism  {switching  at  low  power 
levels)  but  did  not  define  the  requirements  for  the  beamport 
or  model  scanners  used  in  all  EL  and  the  configuration  K  AZ 
antennas  respectively.  The  study  this  section  defines  the 
Doppler  MLS  spectral  control  requirements  to  preclude  adjacent 
and  co-channel  interference.  The  results  of  the  study  are  that 
frequency  sidelobes  must  be  kepc  within  the  following  bounds  to 
preclude  interference. 

first  frequency  -sidelobe  suppression  should  be  at  least  16B 
73  kHz  from  angle  band  center  the  frequency  sidelobes 
should  be  at  least  20  dB 

310kHz  from  angle  band  center  the  frequency  sidelobes  should 
be  at  least  30  dB 

The  methods  to  achieve  the  spectrum  control  htve  been  discussed 
in  the  antenna  section  1.1. 1.1  Part  C  and  a  complete  RF1  study  is 
included  in  the  receiver  section  1. 1,1,1  Part  D 
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Assumptions  used  in  this  analysis  are: 

(1)  Transmitter  stability  =  5  x  10-^  (C-band(  =  25  kHz); 
1.5  x  10"6  Ku  band  (  =  25  kHz) 

(2)  RCVR  stability  =  1.5  x  10" 5  (C-band  =  75  kHz;  Ku 
band  =  225  kHz) 

(3)  Geometry:  See  figure  9-33 

(4)  200  channel  capability  includes  adjacent  channel 
locations  within  the  rQ  .ge  of  one  another. 

(5)  Cosecant  shaped  beams  in  elevation  for  EL  and  AZ 
antennas  were  used  to  develop  interference  model 

(6)  Function  identification  tone  AM  modulation  =  25% 

(7)  Dynamic  tone  threshold  circuit  is  used  in  the 
receiver 

(8)  Transmitter  output  power  may  vary  +1.5  dB  between 
adjacent  channels 

(9)  The  MLS  receiver  outputs  are  used  to  couple  to  an  AFCS 
at  10  nmi  range.  Hence  degraded  data  rates  can  be 
tolerated  at  maximum  range. 

(10)  Basic  function  time  organization  is  shown  in  figure  2 

Co-Channel  Interference:  The  co-channel  interference  study  encom¬ 
passes  interference  caused  by:  (1)  spurious  signals  generated  in 
the  tone  band  and  its  effect  on  angle  guidance  processing  and  tone 
guidance  processing;  and  (2)  spurious  signals  generated  in  the  angle 
data  band  and  its  effect  on  angle  guidance  processing  and  tone 
guidance  processing. 

In  the  general  aviation  receiver  (configuration  D) ,  the  baseline 
receiver  detects  both  angle  guidance  signals  and  tone  signals  in 
a  common  square  law  detector.  The  square  law  detector  is  used  for 
angle  and  tone  decoding  since  (1)  Data  tones  are  free  of  angle-tone 
contamination,  although  distorted  slightly  by  their  own  harmonics 
and  cross  products,  and  (2)  Angle  tone  free  of  harmonics  and  free 
of  phase  modulation  by  data  tones. 
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Since  the  tone  signals  are  AMed  with  low  percentage  of  modulation, 
the  narmonics  and  cross  products  are  small  (-3  dB  below  the  carrier) 
in  the  angle  signal  band  and  can  be  neglected  as  long  as  the  angle 
sideband  signal  is  less  than  -10  dB  below  the  carrier.  The  re¬ 
sultant  error  is  0.01  degrees. 

In  order  to  specify  the  frequency  sidelobe  control  required  in  the 
angle  signal  generation,  it  is  necessary  to  review  the  operation  of 
the  antenna  scanners  and  the  tone  processor.  In  the  aperture  port 
scanner  (commutated  array) ,  the  frequency  sidelobes  are  controlled 
by  switching  at  low  levels.  However,  the  frequency  sidelobes  can 
occur  at  any  frequency.  In  the  beamport  and  modal  scanners,  the 
frequency  sidelobes  are  harmonicB  of  the  effective  Doppler  bearuwidth 
frequency  and  do  not  effect  the  phase  when  viewed  for  an  entire  scan . 
When  viewed  after  a  dual  scan,  measurement  times  les3  than  a  complete 
scan  time,  produce  no  rnguiar  efforts  due  to  the  averaging  property 
of  dual  scan.  Errors  do  occur  when  refocusing  circuits  are  used  and 
the  beamport  coding  is  deparated  by  full  multiples  of  a  beamwidth. 

A.  16  du  sidelobe  separated  by  1.1  beamwidths  produces  a  maximum 
error  of  0.01  degrees  which  is  tolerable  providing  the  refocusing 
is  less  than  C.l  beamwidths. 

The  tone  processor  detects  the  amplitude  of  the  largest  tone  and 
use  its  amplitude  (actually  6  dB  below  this  amplitude)  to  establish 
the  tnreshold  for  detecting  the  other  tones. 

During  the  first  2  ms  of  a  function,  no  angle  guidance  is  generated 
so  co-channel  interference  is  not  a  problem.  In  configurations 
requiring  tone  validation  during  a  function,  validation  must  occur 
for  50%  of  the  function.  The  problem  then  is  to  define  the  level  of 
frequency  sidelobes  that  still  permits  validation  during  the 
multiscan.  by  defining  function  validation  as  complete  when  identi¬ 
fication  occurs  for  50  percent  of  the  multiocan,  then  the  frequency 
sidelobes  4.5  dB  oelow  the  threshold,  produce  a  10  percent  proba¬ 
bility  of  false  alarm.  In  the  three  unused  tone  channels  this  re¬ 
sults  in  a  net  30  percent  probability  of  false  alarm.  In  addition, 
by  accounting  for  a  1.5  dB  tolerance  in  relative  power  stability 
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between  the  angle  data  channel  and  the  reference  carrier,  the 
frequency  sidelobes  must  be  controlled  12  db  below  the  single 
sideband  tone.  The  results  from  the  above  discussion  are  sum¬ 
marized  in  figure  9-34  where  the  angle  guidance  sideband  amplitude 
is  6  dB  below  the  carrier.  For  this  case,  the  frequency  sidelobes 
must  be  -21  dB  at  73  kHz  from  the  angle  guidance  band  center. 

Adjacent  Channel  Interference.  Adjacent  channel  interference  was 
calculated  from  the  geometry  of  figure  9-33,  antenna  elevation  pattern 
shapes,  transmitter  power  variation  and  the  frequency  spectrum  and 
stabilities  ac  indicated  in  the  list  of  assumptions.  The  adjacent 
channel  problem  is  similar  to  that  of  multipath  in  the  angle 
guidance  band  9ince  the  interfering  channel  may  be  viewed  as  one 
contributing  to  multipath.  Adjacent  channel  interference  into  the 
tone  band  is  also  considered  and  is  discussed  separately. 

Interference  is  considered  oy  taking  the  worst  case  situation  with 
regard  to  geometry,  rain,  and  transmitter  power  levels.  The 
difference  in  range  between  the  two  stations  result  in  a  27  dD 
increase  ia  power  due  to  path  attenuation,  a  4.5  dB  increase  in 
power  due  to  rain,  and  a  3  dB  difference  in  transmitter  power. 

The  resultant  difference  is  34.5  dB  in  favor  of  the  unwanted 
signal.  The  following  four  interference  conditions  are  analyzed. 

Interference  into  AZ.  from  AZ_ 

A  o 

Interference  into  AZ.  from 
Interference  into  £LA  from  AZg 
Interference  into  ELA  from  ELfl 

Interference  into  AZft  from  AZQ;  If  a  cosecant  AZ  antenna  elevation 

pattern  shaping  is  used  then  the  net  interference  from  the  unwanted 
signal  is  24.5  db.  The  interference  takes  the  form  of  a  Doppler 
frequency  and  hence  is  subject  to  motion  averaging.  The  averaging 
results  in  an  improvement  to  the  multipath  signal  of  1/,/lTwhere 
H  ie  the  number  of  scans  in  a  multiscan.  For  a  10  dB  S/I  ratio  and 
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16  scans  the  resultant  UB  error  is  0.025  degrees,  and  a  6  dB  S/1 
ratio  produces  a  0.04  UB  error.  Since  the  aircraft  is  not  coupled 
directly  to  the  MLS  beam  (assumption  #1)  at  maximum  range,  the 
6  dB  S/I  ratio  is  acceptable  since  the  2  a  error  is  0.02  degrees. 

Thus  the  frequency  sidelobes  in  AZn  mu3t  be  controlled  to  30.5 

O 

dB  when  310  kH2  from  band  center. 

Interference  into  AZ.  from  ELD:  This  interference  problem  is 

_ A _ D 

treated  in  two  parts;  first  the  interfering  station  is  EL-1,  and 
second  the  interfering  station  is  EL-l/H.  When  the  interfering 
station  is  Eu-l/L,  then  *-he  range  to  the  interfering  station  is 
doubled  and  the  geometry  only  produces  21  dB  increased  power,  but 
only  2  dB  is  obtained  due  to  pattern  shaping.  The  net  result  is 
that  2  db  more  interference  is  experienced  over  case  #1.  However, 
since  the  EL  station  is  transmitting  for  one  third  the  time  as 
the  AZ  station,  the  resultant  UB  error  is  0.017  degrees  per  function 
time  for  a  4  dB  S/I  ratio  and  the  2  a  error  is  0.0085  .  This 
geometry  is  the  limiting  case  for  adjacent  channel  interference 
and  -  f.  summarized  pictorally  in  figure  9-35.  Thus  the  frequency 
s'  i lobes  in  EL-l/L  must  be  controlled  to  30.5  dB  when  3.0  kHz 
from  band  center. 

When  the  interfering  EL-1  station  is  EL-l/H,  10  dB  is  gained  since 
the  power  radiated  from  the  EL-l.H  antenna  is  10  dB  less  than 
EL-l/L.  Thus  the  frequency  sidelobes  in  EL-l/H  must  be  controlled 
to  20,5  dB  when  310  kHz  from  band  center. 
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(3)  Interference  into  ELA  from  AZg  and  (4)  In¬ 
terference  into  EI»a  from  ELQ: 

The  interference  geometry  for  these  conditions  are  similar  to 
the  interference  into  AZg.  The  one  exception  is  that  at  low 
elevation  angles  and  at  maximum  range,  EL  guidance  is  not 
used  for  path  following;  it  is  only  used  for  receiver  capture. 
Therefore,  the  AZ_  and  EL-  sidelobes  when  controlled  to  30.5 

b  b 

dB  as  discussed  above,  is  slightly  overspecified  for  this 
interference  condition. 

Tone  Contamination.  The  second  part  of  this  problem  involves 
the  adjacent  channel  Doppler  spurious  signals  being  mistaken 
as  a  tone.  In  this  case,  the  interference  may  take  place  during 
the  initial  tone  detection  process  (first  2  msec)  as  well  as 
during  the  validation  period.  In  addition,  the  adjacent  channel 
interference  may  interfere  with  the  other  auxiliary  data  being 
transmitted. 

Adjacent  channel  interference  can  cause  tone  contamination. 

By  defining  function  identification  as  complete  when  identifica¬ 
tion  occurs  on  90%  of  the  functions,  the  frequency  sidelobes 
must  be  9.5  dB  below  the  level  of  the  correct  tone.  Noise  will 
increase  the  false  tone  level  to  the  tone  and  the  6  dB  threshold 
will  not  reject  it.  The  false  tone  being  9.5  dB  below  the 
true  tone  will  have  a  probability  of  detection  of  3%.  Any  one 
of  these  will  have  a  detection  probability  of  10%.  If  both 
transmitters  were  of  equal  power  level,  the  sidelobes  400  kHz 
from  the  angle  guidance  band  edge  should  be  18.5  dB  below  the 
level  of  the  angle  guidance.  Considering  that  the  angle 
guidance  is  at  -6  dB,  the  t ideband  should  be  at  -24.5  dB.  From 
geometry  of  27  dB,  rain  attenuation  of  4.5  dB ,  transmitter 
variation  of  3  dB  and  -2  dB  of  pattern  control,  the  frequency 
sidelobes  would  have  to  be  controlled  by  51  dB  below  the 
angle  guidance  level . 
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It  should  be  noted  that  this  type  of  interference  does  not 
produce  any  angular  errors  but  causes  function  identification 
and  auxiliary  data  tones  to  be  misinterpreted  with  the  result 
that  the  information  is  disregarded.  From  the  approach  geometry, 
shown  in  figure  1,  this  condition  might  last  as  much  as  35 
seconds  during  initial  acquisition.  However,  during  this  time 
the  interfering  signal  will  be  sequencing  through  the  tones  and 
as  long  as  the  angle  guidance  is  not  misinterpreted,  high 
integrity  is  maintained. 

Although  this  type  of  interference  does  not  result  in  angular 
errors,  it  does  result  in  a  reduction  in  the  effective  range 
of  the  system.  In  order  to  preclude  interference  in  the 
tone  band,  the  frequency  sidelobes  would  have  to  be  controlled 
within  51.0  dB  when  400  kHz  from  the  angle  guidance  band  edge. 
There  are  several  alternative  means  to  accommodate  this 
frequency  sidelobe  control  specification. 

One  alternative  involves  synchronizing  the  two  channels  so 
that  angle  guidance  and  tones  are  not  radiated  simultaneously. 
Secondly,  the  channel  assignments  can  be  adjusted  such  that 
adjacent  channels  cannot  be  located  within  the  service  volume 
of  each  other  (25  nmi  radius) .  Thirdly,  the  frequency  side- 
lobes  can  be  controlled  at  the  transmitter  or  scanner  and  that 
the  power  in  the  tone  band  can  be  increased  by  raising  the 
carrier  signal  level. 

A  fourth  technique  is  to  modify  the  tone  format  slightly  such 
that  the  phase  of  the  audio  tone  can  be  flipped  by  180  degrees 
every  millisecond.  This  technique  permits  us  to  gain  about 
16dB  in  tone  processing  gain.  An  additional  gain  of  5  dB  is 
obtained  since  the  reference  carrier  was  increased  that  amount 
to  maintain  a  reference  carrier  6  dB  above  to  angle  sideband. 

A  more  complete  examination  of  this  approach  will  be  performed, 
during  the  GAP  period. 
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e.  Timing  Relationship  Between  Parameters 

The  basic  overall  timing  cycle  is  determined  by  the  data  rate 
selected  on  an  accuracy-data  rate  trade  off  study  performed  for 
Hazeltine  by  Sperry.  The  timing  within  each  seem  cycle  is 
determined  by  a  number  of  factors  concerning; 

o  buffer  times 

o  receiver  AGC  requirements 
o  receiver  STALO  requirements 

o  auxiliary  data 

o  minimum  number  of  scans  per  function  time 

o  relative  timing  between  functions 
o  integrity 

Buffer  Times.  In  Doppler  MLS  the  receiver  AGC  is  not  critical 
since  angle  measurements  are  made  in  the  frequency  domain  but 
should  be  established  within  a  few  dB  of  the  nominal  level  to 
reduce  the  linear  amplifier  dynamic  range  and  reduce  the  number 
of  false  alarms  due  to  noise  firings  when  the  function  is  re¬ 
ceived  at  levels  8-10  dB  above  minimum  sensitivity.  Since  an 
instantaneous  37  dB  change  may  be  present  in  the  TDM  format 
when  going  from  AZ  to  EL-1,  the  AGC  amplifier  has  to  slew  37  dB 
in  a  short  time.  For  realistic  AGC  slewing  requirements  a  1  ms 
buffer  time  is  introduced  in  the  format  at  the  end  of  each 
function  time,  to  permit  the  receiver  to  reset  the  AGC  to 
maximum  gain. 

AGC .  The  AGC  amplifier  is  needed  only  when  determining  the 
threshold  level  for  tone  demodulation  to  limit  the  dynamic 
range  in  the  tone  decoder.  It  should,  therefore,  be  set 
prior  to  acting  on  the  function  identification  and  auxiliary  data 
tones.  If  the  tones  were  transmitted  during  the  entire  "function 
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start  pulse",  the  AGC  would  have  to  accommodate  a  6.5  kHz  AM 
tone  on  the  reference.  The  AGC  time  constant  would  then  be 
in  the  order  of  400  microseconds  and  three  time  constants  (1.2  ms) 
would  then  be  required  to  establish  the  AGC  level.  An  alternative 
approach  is  to  transmit  a  carrier  only  signal  for  a  specified 
period  of  time  prior  to  the  AMed  tones,  which  permits  the  AGC 
time  constant  to  be  reduced.  As  a  baseline  choice,  a  300 
microsecond  period  is  used  to  transmit  a  carrier  only 
signal.  During  this  period  the  AGC  level  is  set  and  held 
constant  until  the  1  msec  buffer  time  is  detected. 

STALO.  In  the  Doppler  MLS  approach,  it  is  sometimes  necessary 
to  substitute  a  reference  signal  in  the  receiver  in  place  of 
a  multipath  contaminated  transmitted  reference  signal.  The 
STALO  will  be  placed  to  within  a  fraction  of  a  beamwidth  to 
permit  both  upper  and  lower  sidebands  to  be  detected  and  then 
applied  to  one  prefilter.  The  exact  frequency  of  the  STALO 
is  not  critical,  since  the  dual  scan  format  averages  adjacent 
scans.  However,  if  the  STALO  were  set  too  loose,  then  the 
prefilter  bandwidth  would  have  to  be  increased.  AZ  is  the  only 
function  that  requires  a  narrow  or  tracking  prefilter,  so  the 
STALO  will  be  set  to  within  100  Hz  for  minimum  effect  on  the 
prefilter  bandwidth. 

In  order  to  facilitate  the  setting  of  a  STALO,  all  ground 
transmitters  should  be  locked  to  a  common  frequency.  This 
is  done  easily  through  a  microwave  or  ground  link  which  also 
contains  the  timing  signals.  In  this  way,  the  airborne 
oscillator  could  be  locked  on  the  received  carrier  frequency 
during  the  acquisition  cycle,  where  the  STALO  (APC  loop)  in 
the  receiver  is  updated  at  the  start  of  each  function  time. 

Again  use  is  made  of  the  300  microsecond  period  to  update  the 
APC  loop,  since  no  modulation  is  present  on  the  carrier  to 
distort  the  output  of  the  filter  when  the  signal  is  placed 
unsymmetrically  about  the  carrier. 
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Auxiliary  Data  Timing.  The  auxiliary  data  format  was  refined 
from  that  suggested  in  SC-117  and  the  Hazeltine  proposal.  In 
SC-117,  four  tones  were  used  to  transmit  auxiliary  data,  but 
all  tones  were  transmitted  from  the  AZ  reference  antenna. 

The  refined  format  retains  all  the  information  in  the  SC-117 
concept,  but  places  two  tones  on  AZ  and  two  on  EL-1.  This 
approach  permits  the  use  of  only  two  tones.  When  used  in 
conjunction  with  the  AZ  and  EL-1  ident  signals,  it  performs 
the  function  of  the  original  four  tones. 

The  organization  of  the  tone  cycle  is  shown  in  figure  9-35. 

It  consists  of  two  basic  formats;  a  Morse  Code  format  and  an 
Auxiliary  data  format.  The  Morse  Code  format  is  transmitted 
with  an  "I"  letter  start  followed  by  the  Morse  Code  one  character 
(mark  or  space)  per  AZ  function  time  by  modulating  tone  E. 

The  auxiliary  data  format  is  a  constant  word  which  consists  of 
a  10  bit  preamble  followed  by  four  15  bit  words.  Each  word 
contains  11  information  bits  and  4  bits  for  Hamming  Code 
detection.  Several  key  features  are  incorporated  in  this 
format  organization  and  are  described  below. 

On  tone  F-AZ ,  "time  of  day*  and  "barometric  altitude  set" 
data  words  are  transmitted  for  use  in  terminal  navigation. 

The  "time  of  day"  word  uses  6  bits  for  minutes  and  3  bits 
for  seconds,  The  seconds  are  derived  in  the  aircraft  by  decoding 
the  preamble  and  using  the  fact  that  the  preamble  repeats 
every  ten  seconds.  In  this  way,  it  takes  at  most  ten  seconds 
to  synchronize  to  the  "time  of  day"  signal. 

Or.  the  EL-1  function  changing  data,  such  as  facility  status, 
wind  vector,  and  wind  shear,  are  transmitted  both  on  tones 
E  and  F.  In  this  way,  the  data  rate  of  these  functions  are 
increased  to  once  per  five  seconds.  This  approach  also  has 
an  integrity  feature  in  that  should  the  "E"  tone  generator 
fail,  the  information  can  still  be  derived  from  the  tone  F  EL-1 
signal . 
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In  addition,  the  format  is  organized  such  that  tone  F  contains 
all  the  data  relevant  to  computation  requirements  and  tone 
E  EL-1  contains  information  which  can  be  used  even  in  a  low- 
cost  receiver.  The  tone  E  EL-1  feature  is  accommodated  at 
little  additional  cost,  since  the  tone  E  decoder  is  required 
anyway  for  Morse  Code  identification. 

Minimum  Number  of  Scans.  The  minimum  number  of  scans  per 
function  time  is  related  to  the  phase  cycling  granularity 
reduction  and  power  requirements.  By  using  two  successive 
function  times  to  resolve  the  granularity  with  phase  cycling, 
a  relationship  16  times  the  Doppler  beanswidth  (one  over  the 
scan  time)  is  required  to  satisfy  granularity  requirements  for 
manual  control  operations. 

Relative  Timing  Between  Functions.  Relative  timing  between 
functions  is  chosen  to  establish  a  specific  function  length 
for  each  function  (A3 ,  EL-1,  etc.)  at  all  facilities.  This 
approach  permits  the  receiver  to  establish  its  own  time 
interval  which  reduces  the  complication  in  the  division 
process.  In  addition,  the  receiver  has  a  cross  check,  on  the 
function  identification  (additional  integrity) . 

The  primary  mode  of  function  identification  is  on  tones  A,  B, 

C,  D  during  the  initial  two  milliseconds  of  each  function  time. 
If  the  receiver  time  interval  is  much  different  than  the 
received  time  interval,  the  receiver  can  disregard  the  processed 
data. 


f.  Power  Budget 

The  power  budget  for  Doppler  MLS,  first  defined  in  the  TACD 
proposal,  was  refined  based  on  updated  design  concepts  from  the 
receiver,  propagation,  and  antenna  studies,  and  the  spectrum 
control  requirements  analysis.  The  new  power  budget  is  summarized 
in  table  9-28.  The  receiver  sensitivity  calculations  include 
loss  figures  based  on  state-of-the-art  components,  such  as  the 
f ollowing . 


POWER  BUDGET  SUMMARY 
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o  An  11  dB  Nt  in  t.he  C-band  receiver 
o  A  13  dB  NF  in  the  Ku-band  receiver 
o  1  dB  tor  V5WR  loss,  etc. 

The  propagation  studies  presented  in  section  1.1. 1.1  Part  F 
indicate  a  rationale  for  limiting  the  maximum  rain  attenuation 
at  Ku  band  to  20  dB  which  reduces  the  range  of  the  EL--2  antenna 
to  2  nisi .  An  aircraft  landing  at  140  KlaS  and  a  10  knot  tailv.'ind 
would  then  receive  EL-2  guidance  about  40  seconds  before  touch¬ 
down  and  about  30  seconds  before  flare  initiation.  At  the 
most  critical  distance  around  1  nmi  from  EL-2  where  primary 
vertical  guidance  is  "phased  over"  from  EL-1  to  EL-2,  the  20  dB 
attenuation  allowance  is  sufficient  to  permit  outages  less 
than  l.b  hours  ,.'Or  year  in  the  most  severe  climate  (Asia). 

The  power  budget  indicates  two  numbers  for  rain  attenuation: 
one  to  meet  the  full  range  requirements  of  3.5  nmi  and  the 
other  to  satisfy  the  rain  attenuation  budget  of  20  dB. 

It  should  be  noted  that  the  rationale  for  selecting  the  3.5 
nmi  requirement  v/as  based  on  the  reasoning  that,  the  aircraft 
requires  corroboration  of  EL-2  signals  one  minute  before 
touchdown.  There  are  two  areas  for  further  investigation 
regarding  these  assumptions;  reliability  '■one iderat ions 
(amount  of  time  required  to  validate  EL-2  data  for  autoland 
applications)  and  the  accommodation  of  future  aircraft  with 
higher  .Landing  speeds.  We  plan  to  analyze  the  range  re¬ 
quirement  of  EL-2  in  more  detail  during  the  feasibility 
program. 

The  ground  antenna  studies  resulted  in  an  updated  definition 
of  doppler  antenna  gains.  A  conservative  approach  was  taken 
in  defining  the  EL-1  antenna  character j sties ,  by  designing 
an  integrated  angle  and  reference  channel  antenna.  Tnis 
apj  roach  results  in  a  3  dB  loss  in  antenna  but  is  inwl_,J.-d  to 
provide  phase  centers  for  the  reference  and  angle  guidance 
signals  for  additional  granularity  reduction  for  EL-1. 
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In  the  receiver  sensitivity  calculations,  it  was  noted  that  a 
10  dB  SNR  is  required  for  tone  detection  and  that  11  dB  SNR 
is  required  for  angle,  guidance  processing.  These  SNR's  were 
based  cn  a  small  false  alarm  rate  and  tolerable  noise  errors 
in  the  receiver  at  maximum  range.  When  translated  into 
receiver  senstivitios  they  are  expressed  as  -114  dBm  for  the 
tones  and  -98.5  dBm  for  the  angle  guidance.  Since  the  tone- 
sidebands  are  18  dB  below  the  carrier,  the  carrier  sensitivity 
is  ~9S  dBm,  (only  2.5  dB  greater  than  tin  angle  guidance 
sideband)  .  For  proper  spectrum  control  ar.d  detection  in  a  low 
cost  receiver,  the  carrier  should  be  as  large  as  possible  with 
respect  to  the  sidebands.  A  6  dB  difference  provides 
sufficient  rejection  due  to  difference  frequencies  in  the 
detector,  so  the  carrier  power  must  be  increased  by  1.5  dU. 
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1.1. 1.3  IDENTIFICATION  AND  RESOLUTION  OF  REMAINING 
TECHNICAL  PROBLEMS 

The  TACD  studies  have  addressed  requirements,  critical  technical 
areas,  system  definition,  and  definition  of  Feasibility  and  Pro¬ 
totype  Equipment.  The  studies  have  verified  the  fundamental 
soundness  of  the  Doppler  technique  and  the  ability  to  implement 
it  in  cost-effective  equipment.  It  is  our  belief  that  all 
major  system  problems  for  Doppler  as  a  technique  have  been 
resolved,  as  indicated  in  the  discussions  of  this  report.  There 
remain,  however,  a  number  of  tasks  to  complete  system  definition 
from  choices  among  alternatives  and  from  the  further  definition 
of  requirements,  especially  those  associated  with  the  military. 
In  addition,  there  remain  a  number  of  problems  common  to  any 
MLS  technique  which  require  additional  effort  for  their  resolu¬ 
tion  . 


A.  COMMON  MLS  PROBLEMS 

1.  Interface  with  Flight  Control  Systems 

It  has  been  described  in  Section  1.1. 1.2  that  MES-being  a 
sampled  data  sy stem--presents  a  different  format  to  AFCS  and 
that  is  has  been  necessary  to  address  the  effect  of  this  differ¬ 
ence.  Our  studies  to  date  have  indicated  the  quality  of  the  MLS 
signal  output  required  to  interface  with  the  AFCS  for  several 
aircraft  types  in  both  CTOL  and  STOL  categories.  However,  there 
remain  questions  in  this  area  concerning  other  aircraft  types. 
This  problem  is  being  addressed  by  various  workers  within  the 
MLS  contractors  and  in  the  Government. 

Hazeltine  has  made  specific  plans  to  continue  to  address  this 
problem.  Sperry  Flight  Systems  Division  will  conduct  studies 
for  VTOL,  Carrier  Landing  and  USAF  High  Performance  Aircraft 
during  the  Feasibility  Program. 
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2.  Military  Requirements 

This  area  remains  as  a  problem  since  definitive  plans  for  incor¬ 
poration  or  MLS  have  not  yet  been  made  available  for  all  the 
military  services.  It  is  understood  that  the  U .S.  Army  is 
planning  to  complete  specifications  for  tactical  landing  systems 
and  define  transportability  requirements.  There  is  also  informa¬ 
tion  needed  on  U.S.  Navy  Carrier  Landing  plans.  Wa  understand 
that  these  plans  will  depend  in  part  on  the  results  of  the  TACD 
studies . 

We  plan  tc  continue  contact  with  the  various  military  agencies 
to  resolve  requirements  and  system  definition. 

3.  Multipath 

Extensive  studies  of  multipath  and  terrain  effects  have  been  made 
by  Fazeltine  during  TACD  (and  earlier)  and  have  resulted  in 
several  concrete  results.  A  multipath  model  of  the  character  of 
multipath  return  has  been  defined  based  on  realistic  descriptions 
of  airport  physical  environments.  Our  Doppler  MLS  equipment  has 
been  designed  to  accommodate  to  the  multipath  signal  character¬ 
istics.  This  has  had  its  effect  on  ground  guidance  equipment  as 
well  as  airborne  equipment  approaches.  It  is  a  task  in  Feasibil¬ 
ity  Demonstration  to  experimentally  verify  the  characteristics 
of  the  multipath  signal  (see  below  for  specific  Doppler  investi¬ 
gations)  . 

Another  aspect  is  siting  on  irregular  terrain  and  runway  humps. 

It  is  planned  to  simulate  these  conditions  and  evaluate  their 
effects  experimentally  in  Phase  II. 

4 .  Propagation  at  Ku-Band 

The  power  that  is  required  to  be  radiated  for  EL-2  and  military 
systems  is  very  dependent  on  the  actual  rain  attenuation  that 
will  be  encountered.  It  is  planned  to  continue  to  review  this 
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problem  and  update  attenuation  and  power  specifications.  However, 
it  is  also  recommended  as  a  backup  that  measurements  be  made 
under  separately  contracted  effort  or  directly  by  the  Government. 

5.  Compatibility  with  ATC 

There  are  a  number  of  new  ATC  procedures  being  considered  such  as 
RNAV  and  terminal  area  procedures  including  two-step  glideslopes, 
metering  and  sequencing,  etc.  There  is  the  general  need  for  MLR 
workers  to  continue  to  be  aware  of  studies  and  policies  relating 
to  these  ATC  areas,  and  it  is  part  of  hazeltine's  plan  to  con¬ 
tinue  this  activity. 

B.  DOPPLER  DEFINITION  PROBLEMS 

1.  Multipath  and  Receiver  Accommodation 

As  mentioned  above  in  Item  A3,  our  receivers  have  been  designed 
to  reject  multipath  signals  using  certain  filtering  approaches. 
These  are  planned  to  be  evaluated  by  Field  and  Flight  Tests  dur¬ 
ing  Phase  II  to  select  and  define  optimum  approaches  for  various 
classes  of  users.  It  is  planned  tc  be  able  to  select  among  fixed 
sector  filters  and  tracking  filters ,  as  applied  to  various  classes 
of  users . . 

2.  Frequency  Measurement  Approaches 

We  plan  in  the  Feasibility  Demonstration  to  evaluate  several 
counting  and  analogue  frequency  measurement  approaches.  This 
evaluation  will  permit  selection  of  optimum  approaches  among  the 
various  techniques  including  uniscan  counting  and  multiscan 
counting • 

3.  Low-Cost  Receiver 

It  has  been  a  long-stated  objective  in  the  MLS  Program  to  pro¬ 
vide  a  low-cost  MLS  receiver  for  the  general  aviation  user.  This 
problem  has  been  studied  and  receiver  approaches  have  been  de¬ 
fined  during  our  TACD  activities.  However,  a  direct  consideration 
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of  this  problem  is  planned  for  Phase  II.  Sperry  will  have  the 
task  of  designing  a  low-cost  Doppler  receiver  for  General  Avia¬ 
tion  application  (i.e.  Configuration  "D") . 

4,  Synthesizer 

There  is  a  need  to  fully  define  an  optim’im  cost-effective  design 
for  this  key  component.  We  plan  to  specifically  carry  out  this 
task  in  Phase  II. 

'1.  Acquisition  and  Reacquisition  Timing 

MLS  will  be  operating  in  a  multipath  environment  where  large 
reflections  can  occur.  We  have  configured  approaches  to  select 
or  acquire  the  direct  or  "true"  signal  and  to  reject  multipath 
components.  This  includes  data  validation  as  well  as  reacquisi¬ 
tion  after  momentary  outages  caused  by  signal  blockage.  There 
remains  the  detailed  definition  of  the  timing  of  these  functions; 
it  is  planned  as  a  specific  task  to  determine  optimum  timing 
formats  for  these  functions. 

6.  Monitoring 

This  topic  has  been  discussed  in  detail  in  Section  1.1. 1.1,  Part 
A  and  monitoring  approaches  have  been  configured.  Integrity 
has  been  evaluated  for  these  approaches.  There  remain  some 
questions  concerning  the  exact  location  of  near  and  far-field 
monitors  and  the  effect  of  the  airport  environment  on  their 
performance.  (It  is  also  planned  to  employ  extensive  integral 
monitors  as  described.)  These  questions  are  to  be  fully 
evaluated  in  Phase  II  to  define  specific  locations  for  Prototype 
Systems . 
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C.  CONCLUSION 


Of  the  remaining  problem  areas  which  have  been  discussed 
above,  several  are  fully  expected  to  be  of  a  continuing 
nature  until  equipment  is  actually  in  the  hands  of  the  users. 
We  plan  to  address  these  problems  on  a  continuing  basis 
d"v‘inn  subsequent  phases.  For  the  other  areas,  we  believe 
the  results  of  the  planned  Phase  II  program  will  provide 
positive  resolution  which  will  permit  the  program  to  proceed 
without  additional  risk.  In  conclusion,  we  have  a  firm  plan 
to  address  and  resolve  all  the  remaining  technical  problems 
that  have  been  identified. 
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1.1.2  SYSTEM  TRADES 

This  section  reviews  the  decision  process  which  was  followed  in 
selecting  our  baseline  approach  and  rhe  selection  of  hardware  to 
demonstrate  its  feasibility.  It  will  be  organized,  first  under 
those  factors,  or  criteria  which  affect  life-cycle  costs.  Our 
selections  will  then  be  delineated  and  any  associated  technical 
risks  will  be  reviewed.  Additional  factors  which  entered  into 
the  overall  process  of  system  trades  will  be  indicated. 

There  are  two  general  types  of  system  trades  that  were  considered. 
The  first  is  concerned  with  the  definition  of  the  most  cost- 
effective  approach  which  remains  within  the  specific  functional 
requirements  as  delineated  in  1 ne  report  of  the  RTCA  and  as  refined 
by  Hazeltine.  The  second  type  of  trade  concerns  departures  from 
specific  techniques  in  the  SC-117  approach,  but  which  meet  the 
operational  requirements  and  aviation  needs,  alsc  delineated  by 
SC-117.  Each  of  these  approaches  is  discussed  in  the  material 
which  follows. 

The  first  approach  has  led  to  our  baseline  system  and  format  de¬ 
scribed  in  Section  i. 1.1.1,  Fait  A  and  Section  1.1.5,  Part  B, 
respectively.  Tne  second  approach  has  led  to  the  recommendation 
of  a  number  of  viable  system  alternatives  which  can  offer  the  solu¬ 
tion  to  certain  identified  difficult  technical  problems  and  offer 
the  potential  for  overall  system  cost  reduction.  For  example, 
one  of  the  problems  identified  for  MLS,  and  not  associated  with 
any  particular  technique,  is  the  signal  blockage  of  very  large 
hangars  for  wide  azimuth  angles  in  the  coverage  region.  We  will 
present  the  discussions  relating  to  the  baseline  system  first  and 
follow  with  system  alternatives. 

1.1. 2.1  LIFE-CYCLE  COST  IMPLICATIONS 

Here  we  are  concerned  with  the  total  cost  to  the  aviation  com¬ 
munity.  It  concerns  not  only  the  initial  acquisition  and  mainte¬ 
nance  costs  for  ground  equipment  to  be  installed  on  airports,  bv.t 
also  the  costs  to  the  far  more  numerous  airborne  users  of  the  MLS. 
In  both  uast,s  costs  must  be  considered  over  the  range  nf 
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installations  from  the  high  performance  configuration  K  for  com¬ 
mercial  air  carrier  and  military  user  to  the  simpler  service 
supplied  fo:  the  general  aviation  user.  An  important  considera¬ 
tion  is  the  growth  potential  oi  the  system. 

A.  BASIC  APPROACH 

It  is  our  plan  to  determine  full  life-cycle  costs  tor  our  system 
approach  as  it  becomes  defined  .in  the  necessary  detail  during  our 
studies  in  Phase  II  concerning  Prototype  and  Production  equipments. 
During  this  TACD  phase  it  had  not  been  planned  to  carry  out  this 
detailed  cost  analysis  for  each  alternative  considered  because  of 
the  magnitude  of  the  task.  It  was  decided  to  apply  an  approach 
based  on  more  general  criteria. 

The  criteria  applied  in  our  selection  were  based  on  fundamental 
considerations  which  permitted  an  expeditious  evaluation  of  alter¬ 
natives.  These  general  criteria  which  relate  to  overall  cost  are: 

o  Simplicity  of  Design 
o  Fundamental  Soundness  of  Design 
o  Independence  of  Design 
o  Available  Modularity 
o  Flexibility  of  Approach 

It  must  be  recognized  that  the  selection  of  a  detailed  baseline 
approach  must  be  based  also  on  additional  criteria  which  were  con¬ 
sidered  concurrently  with  cost  factors  and  include: 

o  Ability  to  meet  functional  and  operational  requirements 

o  System  Integrity 

o  Compatibility  with  Ground  Environment 
o  Compatibility  with  Flight  Operations 
o  Compatibility  with  ATC  Operations 
Compatibility  with  Users/Airports 


o 
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The  remainder  of  this  discussion  will  be  divided  into  two  part:.;. 
The  first  will  review  individual  factors;  the  choices  made  will 
be  based  on  the  sets  of  criteria  indicated .  The  various  baseline 
candidate  configurations  which  were  considered  during  our  studios 
arc  presented  in  figures  11-1  to  11-6. 

B  .  INDIVIDUAL  1' AC  TORS 

The  following  summarizes  the  factors  to  be  considered  in  the  dot  in 
tion  of  the  baseline  system 

1.  Doppler  vs  Scanning  Beam  MLS 

2.  Ccr.rcal  vs  Planar  Coordinates 

3.  Crossed  vs  Unitary  Planar  Coordinates 

4.  Aperture  Port  vs  Beam  Port  Antennas 

5.  Ground  vs  Airborne  Filter 

6.  Elev  .-rcn  No.  1  Antennas  (EL-1) 

7.  Configuration  D 

8.  Selection  of  Optimum  Format  Parameters 

a.  Time  division  multiplex  vs  frequency  division 
multi plex 

b.  Sequential  dual  scan  (SEPS)  vs.  simultaneous  dual 
Scan  (SIDS) 

c.  Frequency  coding 

d.  Adoption  of  phase  cycling 

e.  Timing  relationships 

It  shoul.d  be  noted  that  the  above  last  refers  to  our  baseline 
selection.  The  description  and  recommendation  of  overall  system 
alternatives  will  be  described  in  Part  4  of  this  section. 
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C.  DISCUSSION  OF  TRADES 

1.  Doppler  vs  Scanning  Beam 

This  very  fundamental  question  was  not  considered  at  this  time 
because  of  the  approach  that  we  have  adopted  during  TACD.  Our 
original  decision  to  pursue  the  study  and  development  of  the 
Doppler  technique  had  been  based  on  recognized  advantages  in  both 
fundamental  performance  of  the  Doppler  system  and  in  anticipated 
simplification  of  the  required  implementation.  Our  TACD  approach 
has  been  to  bring  the  Doppler  technique  to  the  stage  of  develop¬ 
ment  by  detailed  teciinique  analysis  and  equipment  design  develop¬ 
ment  so  that  comparison  and  evaluation  of  alternative  techniques 
ma'>  be  made  with  Doppler  "at  its  best". 

Our  studies  and  experiements  to  date  have  reaffirmed  our  original 
decision  to  pursue  the  Doppler  technique.  We  believe  that  the  de¬ 
signs  and  approaches  developed  have  verified  Doppler's  ability  to 
meet  operational  and  functional  requirements  with  higher  levels  of 
performance  and  lower  co  >  than  may  be  possible  with  other  techniques  . 

One  aspect  will  be  pointed  out  which  is  the  experimental  demonstra¬ 
tion  of  the  planar  beam-port  ground  guidance  system.  In  this  case 
we  have  achieved  anticipated  performance  of  planar  beams,  low-angle 
cutoff  and  smooth  frequency  coding  in  a  very  simple  cost-effective 
structure.  It  has  provided  additional  confidence  that  Doppler 
potentialities  can  be  realized  in  practice. 

2.  Conical  vs  Planar  Coordinates 

This  has  been  a  fundamental  consideration  since  the  inception  of 
organized  MLS  activity.  SC-117  has  adopted  planar  coordinates  for 
all  elements,  but  this  viewpoint  has  been  challenged  abroad,  as 
well  as  within  the  U.  S.  During  TACD  this  question  was  reviewed 
and  several  conclusions  can  be  stated  here,  since  they  have  far 
reaching  cost  implications.  First,  there  should  be  a  statement  of 
an  identification  of  the  optimum  set  of  coordinates  for  MLS.  With 
these  in  mind  the  discussion  can  be  clarified. 
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We  would  like  to  define  an  optimum  as  the  coordinate  required  for 
"direct  use"  -  This  coordinate  set  would  be  the  most  useful  for 
the  simplest  airborne  implementation  with  the  minimum  of  computa¬ 
tional  facility  available.  These  "direct-use"  coordinates  are: 

o  Planar  azimuth  which  means  that  it  is  independent  of 
height  or  elevation  angle. 

o  Planar  elevation  along  runway  centerline  intersecting 
the  runway  at  the  GPIP. 

o  Conical  elevation  at  wide  azimuth  angles  for  height 
determination,  especially  if  colocated  with  DME. 

It  is  our  analysis  that  "direct-use"  coordinates  will  provide  for 
the  least  cost  in  airborne  equipment  computations,  provide  coordi¬ 
nates  directly  applicable  to  the  general  aviation  aircraft,  and 
provide  maximum  integrity  at  decision  height  and  touchdown  regions. 
It  is  our  conclusion  that  these  coordinates  should  be  adopted. 

The  one  departure  of  these  coordinates  from  SC-117  is  the  conical 
elevation  at  wide  azimuth  angles.  It  is  believed  that,  as  long 
as  centerline  guidance  is  planar  in  elevation,  there  will  be 
greater  system  simplicity  with  resulting  lower  overall  cost  with 
conical  wide  azimuth  angle  elevation.  Also,  conical  elevation 
permits  36C°  coverage  in  the  azimuth  dimension;  planar  does  not. 

3.  Crossed  vs  Unity  Planar  Antennas 

There  are  two  ways  which  have  been  identified  to  achieve  planar 
coordinates  with  the  Doppler  technique.  One  was  described  in  the 
SC-117  report  and  required  two  orthogonal  conical  coordinate  arrays 
with  a  simple  airborne  coordinate  converter.  This  approach  operates 
sequentially  in  two  time  slots.  A  second  approach  was  presented 
in  the  Hazeltine  TACD  proposal  to  be  a  single  antenna  structure, 
operating  in  a  single  time  slot.  Moreover,  simple  implementations 
for  these  antennas  were  described.  At  Hazeltine  a  selection  has 
been  made  of  the  unitary  planar  antenna  for  three  basic  cost- 
related  reasons. 
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o  The  airborne  receiving  and  decoding  equipment  will  be 
simpler  with  resulting  lower  cost. 

o  The  unitary  approach  will  require  simpler  monitoring  on 
ground  and  in  airborne  equipment  to  insure  the  proper 
operation.  There  would  be  a  need  for  monitoring  both 
antennas  of  the  crossed  approach  with  corresponding  flag 
indications  ,\n  the  receiver  for  each  of  the  two  antennas. 

o  The  duax  or  crossed  systems  are  considered  less  reliable 
for  Cat  ti/Cat  IIT  operations  with  computations  in  the 
aircraft  required.  It  is  anticipated  that  this  would 
result  in  additional  missed  approaches  introducing  an 

additional  burden  and  therefore  cost  on  overall  system 
operation. 

o  The  cylinder  array  has  a  growth  potential  to  360°  and  as 
such  can  increase  the  life  cycle  with  attendant  overall 
lower  cost. 

4.  Aperture  Port  vs  Beam  Port  Antennas  for  Elevation 

The  original  suggestion  in  SC-117  for  Doppler  elevation  antennas 
is  a  linear  array  of  many  elements,  possibly  exceeding  150  elements 
in  a  high  performance  configuration.  This  type  is  called  an 
"Aperture  Port"  antenna  in  the  Hazeltine  proposal.  It  was  recog¬ 
nized  early  and  it  was  presented  in  the  proposal  that  where  cover¬ 
age  angle  is  limited  to  10  or  20  degrees,  a  saving  in  the  number 
of  active  components  could  be  achieved  (see  Section  1.1. 1.1,  Part  C) , 
by  the  use  of  a  "Beam  Port"  antenna.  Also,  it  was  recognized  that 
the  Beam-Port  approach  could  provide  planar  coordinates  when  con¬ 
figured  with  a  cylindrical  parabolic  reflector.  Therefore,  Beam- 
Port  approach  has  been  adopted  for  basic  simplicity  as  well  as 
other  technological  reasons.  The  smaller  number  of  active  elements 
is  anticipated  to  result  in  lower  direct  costs  and  lower  operating 
and  maintenance  costs  as  well  as  simpler  associated  monitoring 
circuits . 
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5.  Ground  vs  Airborne  Filter 

In  the  Doppler  elevation  antennas  as  envisioned  by  SC-117,  there 
is  radiation  toward  the  airport  surface  which  is  reradiated  and 
received  at  the  airborne  receiver  decoder  at  characteristic  fre¬ 
quencies.  This  component  must  be  eliminated  from  the  decoding 
process  or  intolerable  guidance  errors  result.  It  was  proposed 
to  eliminate  this  component  by  the  use  of  a  sharp  cutoff  filter 
in  the  airborne  receiver,  but  there  are  two  problems  associated 
with  this  approach.  One  is  the  complexity  of  the  sharp  cutoff 
circuit  design  and  the  second  is  the  distortion  of  the  angle 
guidance  calibration  at  very  low  angles  because  the  signal  is  very 
near  the  sharp  cutoff  of  the  filter.  Also,  there  must  be  a  filter 
in  every  airborne  receiver.  As  an  alternative  to  this  approach, 
a  Doppler  antenna  which  limits  the  radiation  and  resulting  re- 
radiation  from  the  ground  to  levels  which  do  not  require  an  air¬ 
borne  filter,  has  been  devised.  It  is  a  characteristic  of  the 
beam  port  antenna  previously  described.  The  sharp  cutoff  charac¬ 
teristic  which  eliminates  the  ground  reflection  directly  and  avoids 
the  need  for  the  airborne  filter  has  been  selected  in  our  baseline 
approach . 

6.  Elevation  No.  1  Antennas  (EL-1) 

There  is  a  complicated  situation  regarding  elevation  antenna  selec¬ 
tion  which  involves  a  number  of  constraints.  These  are: 

o  Wide  azimuth  elevation  guidance  "direct-use"  coordinates 
are  conical  (Item  2) . 

o  Planar  elevation  coordinates  are  required  along  the  center- 
line  as  low  as  50  ft.  above  the  runway  for  Category  II 
landings . 

o  EL-1  antennas  must  be  sited  opposite  the  GPIP  or  require 
an  offset  GPIP  computation. 

o  Very  high  glideslopes,  up  to  15°,  with  20°  coverage  have 
been  postulated  as  being  required  for  potential  future 
operations . 
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o  High  glideslopes,  low  decision  heights  and  EL-1  siting 
locations  require  wide  azimuth  coverage  to  include  runway 
centerline  plus  anticipated  tolerances. 

o  It  becomes  increasingly  costly  to  provide  planar  coordi¬ 
nates  at  very  high  glideslope  angles  at  the  very  wide 
azimuth  angles  corresponding  to  very  low  decision  heights 
(see  Section  1. 1.1.2,  Part  A). 

Based  on  an  extensive  review  of  these  factors  and  the  consideration 
of  many  alternatives  a  baseline  approach  has  been  selected  tenta¬ 
tively  for  on-going  planning  (figure  11-7),  and  several  viable  options 
have  been  identified,  Also,  there  is  suggested  that  careful  review 
of  requirements  be  continued  to  carefully  set  limits  to  provide 
what  is  actually  needed,  so  that  costly  unessential  performance 
can  be  avoided. 

The  baseline  selection  provides  for  a  modular  approach  to  EL-1, 
separating  elevation  coverage  into  two  regions,  one  for  CTOL  and 
one  for  STOL.  EL-lL  provides  coverage  in  planar  coordinates  from 
1°  to  10°;  EL-1H  provides  it  from  4°  to  20°.  Each  antenna  operates 
in  a  separate  time  slot,  so  they  can  be  used  individually  or  in 
combination  as  requirements  dictate.  Planar  guidance  is  provided 
to  50  ft.  below  Cat  II  decision  heights.  One  option  permits  the 
beams  to  be  shaped  in  azimuth  to  avoid  illumination  of  largest 
sources  of  multipath  error.  Wide  angle  elevation  information  to 
determine  altitude  is  not  provided  by  this  approach  for  the  reasons 
which  will  be  discussed  below,  it  is  recommended  that  altitude  in 
in  wide  angle  regions  only  be  determined  by  barometric  altimeters 
for  cost  and  technical  reasons.  It  is  believed  that  the  most 
cost-effective  way  to  reliably  meet  the  operational  requirements 
is  provided  by  this  recommended  approach. 

It  is  to  be  noted  that  our  Doppler  approach  is  fundamentally  capable 
of  providing  the  full  coverage  elevation  performance,  either  by  a 
conical  coordinate  antenna  or  by  a  larger  planar  coordinate  antenna, 
such  as  described  in  the  Hazeltine  TACD  proposal.  We  have  adopted 
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the  baseline  approach  because  it  results  in  what  we  believe  is  the 
most  practical  way  to  compatibly  integrate  MLS  into  the  National 
Aviation  System  and  meet  MLS  operational  requirements. 

The  rationale  for  this  selection  is  based  on  the  recognition  of 
several  practical  and  compatibility  factors  which  must  be  carefully 
weighed  and  judged  before  adopting  a  particular  approach.  These 
include : 

o  The  maximum  glideslope  required  for  STOL  and  even  VTOL 

may  not  require  angles  as  steep  as  15°  and  may  only  require 
7°  to  8°. 

o  The  decision  heights  (and  therefore  the  lowest  guidance 
angle)  for  the  highest  glideslope  paths  may  not  be  as  low 
as  the  current  100  ft. 

o  There  is  potential  incompatibility  with  determining  alti¬ 
tude  by  the  combination  of  EL-1  and  DME  with  users  opera¬ 
ting  on  baro-altitude . 

If  either  or  both  of  the  first  two  items  are  realized,  then  it  will 
be  possible  to  use  a  single  EL-1  antenna  and  meet  all  planar  coordi¬ 
nate  and  accuracy  requirements.  This  would  avoid  the  two  antennas 
and  result  in  a  further  cost  reduction.  Over  95  percent  of  current 
airport  installations  would  require  only  one  antenna. 

The  last  item  is  concerned  with  height  determination  by  MLS  (EL-1 
combined  with  DME)  at  wide  angles.  The  first  concern  with  this 
approach  is  that  should  planar  coordinates  be  utilized,  azimuth 
angle  would  also  be  required  for  the  height  computation.  Also  the 
location  of  DME,  whether  at  the  AZ  or  EL-1  site  presents  another 
parameter  in  the  computation.  The  second  concern  is  the  accuracy 
for  height  determination  at  the  maximum  range.  In  the  worst  case 
at  wide  azimuth  angles  and  25  n  mi  range  three  sigma  errors  of  up 
to  500  ft  could  be  preseat  (Section  1.1. 1.2,  Part  A).  There  is 
also  the  fact  that  an  EL-1  angle  coordinate  reference  is  a  plane 
tangent  to  the  earth  at  its  location,  while  baro-altitude  is  above 
mean  sea  level.  Since  the  ATC  system  is  operated  with  reference 
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to  mean  sea  level,  there  exists  a  basic  incompatibility  in  a 
trivial  way  because  of  the  altitude  of  the  EL-1  anter-.a,  but  in 
a  significant  way  because  of  the  earth's  curvature.  While  this 
could  probably  be  corrected  or  calibrated  out,  it  represents 
a  complication.  An  error  or  incompatibility  which  may  not  be  re¬ 
solved,  however,  is  the  MLS  height  determined  from  two  different 
EL-1  antennas  which  are  separated  by  a  substantial  amount  on  a 
large  airport.  For  a  spacing  between  EL-1  antennas  of  5  miles  and 
a  range  of  20  miles,  there  would  be  an  error  of  150’.  It  would 
require  considerable  computation  to  remove  this  bias. 

Therefore,  while  it  would  have  been  possible  to  provide  wide-angle 
elevation  angle  coverage  f jr  the  general  baseline  K  configuration, 
we  are  recommending  that  height  be  determined  by  baro-altitude  at 
wide  angles  only  so  as  to  be  compatible  with  ATC  and  avoid  the 
errors  described  in  the  paragraph  above.  It  should  be  made  very 
clear,  however,  that  centerline  altitude  in  the  final  approach 
will  be  provided  by  MLS.  When  maximum  usable  glideslopes  and 
decision  heights  are  set,  we  visualize  a  K  configuration  airport 
with  a  single  planar  azimuth  system,  an  EL-2  system  for  touchdown 
guidance,  a  single  planar  EL-1  system  tor  required  centerline 
guidance  on  the  approach  path  and  landing  regicis  and  <•.  back  course 
system  as  a  very  cost-effective  approach  to  MLS. 

It  should  be  noted  that  special  requirements  may  have  to  be  satis¬ 
fied  for  military  operations  where  side-angle  elevation  may  be 
required.  Our  military  system  provides  elevation  guidance  to  +60° 
azimuth  angle  (Section  1.1. 1.1,  Part  C)  . 

7.  Configuration  D 

For  configuration  D  there  were  two  basic  alternatives  which  were 
considered.  One  would  provide  proportional  azimuth  coverage  to 
+20°  and  the  second  to  +3°,  with  left-right  indication  to  +20°. 

Our  choice  of  baseline,  as  shown  in  figure  11-8  has  been  to  provide 
the  full  proportional  coverage,  but  the  reduced  requirement  D 
system  does  provide  an  attractive  low-cost  alternative.  It  would 
be  an  "ILS  Replacement"  and  may  be  attractive  to  some  general  avi¬ 
ation  users. 
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8.  Selection  of  Optimum  Format  Parameter' 

Detailed  signal  format  studies  have  been  performed  as  reported  in 
Section  1.1.1. 2,  Part  ii .  It.  was  required  that  a  large  number  of 
choices  be  made  in  the  format  with  criteria  established  with  tech¬ 
nical  and  cost-related  factors.  The  detailed  discussions  will  not 
be  repeated  here  and  the  reader  is  referred  to  that  Section.  How¬ 
ever,  a  very  brief  summary  is  included  here  to  indicate  the  factors 
reviewed  and  conclusions  reached. 

o  Time  Division  Multiplex  (TDM)  has  been  selected  over  the 
alternative  Frequency  Division  Multiplex  (FDM) ,  primarily 
because  FDM  requires  multiple  processors  and  because  of 
the  bandwidth  economy  of  the  TDM  approach  while  retaining 
adequately  high  data  rate  and  reasonable  transmitted 
power  levels. 

o  Sequential  Dual  Scan  (SEDS)  has  been  retained  over 
Simultaneous  Dual  Scan  (SIDS)  as  a  means  of  retaining 
simplified  airborne  receiver  approaches. 

o  A  Frequency  coding  has  been  selected  with  a  harmonic  rela¬ 
tion  among  functions  to  simplify  receiver  angle  normali¬ 
zation  implementation . 

o  Phase  cycling  in  the  transmitter  has  been  adopted  to 
permit  application  of  multiscan  counting  for  low-cost 
general  aviation  receiver  design. 

o  A  number  of  timing  relationships  have  been  chosen  to 
simplify  receiver  design.  These  include 

o  300  p-second  pure  carrier  to  simplify  AGC  and  AFC 

o  1  ms  buffer  time  to  reset  AGC 

o  fixed  function  time  length 

o  A  test  signal  is  planned  to  be  radiated  from  the  yiouncl 
systems  in  function  "dead"  times  to  provide  a  check  of 
the  airborne  receiver. 
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o  AM  tone  modulation  is  planned  for  simple  receiver  detec¬ 
ts  on . 

o  Ground  systems  will  be  frequency  locked  to  permit  simple 
AFC  in  airborne  receiver. 

D .  SYSTEM  ALTERNATIVES 

There  are  tv/o  major  alternatives  which  have  been  considered  to 
provide  an  overall  cost  reduction.  They  are  presented  here  for 
consideration,  but  are  not  recommended  for  adoption  at  this  time. 
One  is  the  "Common-Format  Micronaviyation"  approach  and  the  other 
is  the  "ILS  Replacement,"  which  was  discussed  earlier. 

Common-Format  Micronavigaticn/Landing  System.  In  the  TACD  effort 
we  analyzed  the  MLS  concept  as  defined  by  SC-117  and  stressed  the 
coiixbi  neti  landing  system  guidance  capabilities  and  limited  terminal 
navigation  capabilities  of  the  system.  However,  microwave  propo- 
gation  studies  affecting  wide-angle  coverage  around  major  airport 
terminals  highlighted  the  problem  of  blockage.  Sectors  3°EL  x  5°AZ 
may  be  blocked  due  to  the  large  fixed  airport  structures,  such  as 
the  large  hangar  complex  along  runway  31R  at  JFK.  One  solution  to 
this  problem  is  to  separate  the  landing  and  terminal  navigation 
equipments.  I f  we  provide  a  wide-angle  accurate  and  blockage  free 
system  for  terminal  navigation,  then  a  narrow-angle  highly-accur&te 
system  can  be  placed  on  each  runway  for  landing  guidance. 

The  system  would  operate  using  one  airborne  receiver  in  the  follow¬ 
ing  manner.  A  360°  AZ  navigation  system  referenced  to  magnetic 
north  would  transmit  on  one  MLS  channel  and  a  landing  system  would 
transmit  on  another  channel,  but  both  systems  wou  i  use  the  Doppler 
MLS  format .  Only  one  navigation  system  would  be  required  per  air¬ 
port  and  it  would  be  elevated  or  suitably  located  to  reduce  blockage 
i  f  hi:  opt.'.ori  were  adopted  to  reduce  the  wide-angle  coverage  of  the 
ictiiJine  gv.irlvr.ee  system.  ?.  simplified  and  lower  cost  landing  guid¬ 
ance  ts  y  r>  t  tB  could  be  placed  on  each  runway  requiring  MLE . 

The  m occr.avigatiwTi  approach  would  permit  interfacing  with  ATC 
systems  outside  the  terminal  area,  included  proposed  generation 
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satellite  systems.  It  is  interesting  to  note  that  a  4  generation 
airborne  navigation  package  could  then  consist  of  only  a  general 
navigation  receiver  (e.g.,  a  satellite  L  band  transceiver)  and  a 
C  band  MLS  receiver. 

The  antenna  configurations  chosen  for  this  common  format  system 
are  identical  to  those  used  in  the  baseline  system  description. 

A  more  definite  position  will  be  taken  during  the  feasibility  pro¬ 
gram  regarding  the  separation  of  the  two  functions  (wide  angle 
navigation  and  final  approach)  after  a  move  complete  analysis  is 
made.  However,  the  concept  of  separating  the  landing  and  naviga¬ 
tion  aspects  of  MLS  is  introduced  here  to  indicate  the  growth 
potential  of  the  Doppler  MLS. 
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1.1. 2. 2  Technical  Risk  Implications 

In  Section  1.1. 2.1  the  selection  process  for  our  baseline  system 
was  described,  based  on  a  number  of  technical  and  cost-related 
factors.  Having  made  this  selection,  the  question  then  remains 
concerning  the  degree  of  technical  risk  associated  with  these 
choices.  It  is  our  belief  (Section  1.1. 1.3)  that  our  studies 
have  verified  the  fundamental  soundness  of  the  Doppler  approach 
and  that  all  major  system  problems  have  been  resolved.  In  that 
section  there  was,  however,  indicated  the  need  for  further  detailed 
system  definition  to  meet  the  needs  of  all  users,  and  work  on 
certain  common  problems  associated  with  MLS  techniques  in  general. 
Although  additional  verifications  were  recommended  for  final 
resolution  and  optimization,  in  each  case  there  had  been  sufficient 
study  performed  to  indicate  to  us  that  no  significant  risk  remains. 

In  this  section  we  will  briefly  list  the  major  choices  and  the  de¬ 
gree  of  technical  risk  which  remains  in  the  development  program 
associated  with  each.  The  individual  factors  considered  are: 

.1.  Doppler  vs  Scanning  Beam 

2.  Conical  vs  Planar  Coordinates 

3.  Crossed  vs  Unitary  Planar  Antennas 

4 .  Aperture  Port  vs  Beam  Port  Antennas 
for  Elevation 

5.  Ground  vs  Airborne  Filter 

6.  Elevation  No.  1  Antennas 

7.  Configuration  D 

8.  Selection  of  Optimum  Format  Parameters 

The  technical  risk  associated  with  each  of  these  factors  is 
summarized  in  table  11-1.  A  review  of  this  table  indicates  that 
we  believe  that  our  chosen  approach  has  achieved  a  very  low  techni¬ 
cal  risk  for  further  development  and  feasibility  demonstration 
because  of  the  extensive  and  complete  analytic  and  verification 
studies  and  experiements  carried  out  during  the  '.’ACD  phase. 


Table  11-1.  SELECTED  PARAMETERS  VS  TECHNICAL  RISK 
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1.1.3  System  Compatibility 

1.1. 3.1  -  Colocation  with  Existing  Approach  and  Landing  Aids 

The  following  three  areas  are  considered  in  this  section: 

(1)  colocation  of  the  AZ  antenna  with  the  ILS  Localizer  antenna, 

(2)  colocation  of  the  EL-1  antennas  with  the  ILS  Glide  Slope 
antenna,  and  (3)  colocation  of  the  AZ  antenna  with  the  Approach 
Lighting  System. 

A.  SUMMARY 

1.  Colocation  of  AZ  with  Localizer 

The  MLS  AZ  antenna  should  be  placed  on  the  runway  centerline 
beyond  the  stop  end  of  the  runway.  However , there  may  be  an  ILS 
Localizer  antenna  already  in  operation  in  this  location.  It  is 
important  that  neither  antenna  degrade  the  performance  of  the 
other. 


It  is  recommended  that  for  most  runways  the  AZ  antenna  be  located 
in  front  of  the  Localizer  antenna,  within  obstruction  clearance 
limits.  Because  the  AZ  antenna  is  small  compared  with  the 
Localizer,  and  because  the  AZ  antenna  is  usually  close  to  the 
ground  where  the  Localizer  field  is  relatively  weak,  the  effect 
of  the  AZ  antenna  on  the  Localizer  radiation  will  usually  be 
smell.  Furthermore,  only  the  slope  of  the  Localizer  ddm  pattern 
will  be  affected;  the  "on-course"  or  null  direction  of  the  Local¬ 
izer  pattern  will  be  essentially  unchanged  because  of  the  sym¬ 
metrical  location  of  the  AZ  antenna  on  the  Localizer  centerline. 
With  the  Localizer  behind  the  AZ  antenna,  the  Localizer  will  not 
i  fre,  .  AZ  performance. 

Figure  12-1  indicates  three  typical  configurations.  In  the  first, 
an  AZ  antenna  for  configuration  K  is  shown  located  75  feet  in 
front  of  a  V-Fina  Localizer.  The  top  of  the  AZ  antenna  is  assumed 
to  be  6  feet  above  flat  ground.  (A  6- foot-height  AZ  antenna  can 
be  placed  in  front  of  a  7. 5- foot-height  V-Ring  Localizer  without 


12-1 
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Figure  12-1.  Typical  Configurations  with  AZ  Antenna 
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affecting  the  normal  50/1  clearance  limit.)  With  these  these 
dimensions,  the  change  in  slope  of  the  Localizer  ddm  pattern  is 
estimated  to  be  only  0.5%.  This  is  believed  to  introduce  a 
negligible  change  in  Localizer  system  operation. 

A  second  configuration  shown  in  Figure  12-1  is  an  AZ  antenna  for 
configuration  D  located  50  feet  in  front  of  an  8-Loop  Localizer. 

A  change  of  ddm  pattern  slope  of  1%  is  estimated  for  this  case. 

A  third  configuration  shown  in  Figure  12-1  is  an  AZ  antenna  for 
configuration  K  located  75  feet  in  front  of  a  Waveguide  Local¬ 
izer  with  a  Clearance  (8-loop)  Array.  A  change  of  ddm  pattern 
slope  of  0.5%  for  the  Waveguide  antenna  and  1%  for  the  Clearance 
antenna  is  estimated  for  this  case.  All  of  these  effects  are 
believed  to  introduce  negligible  changes  in  Localizer  system 
operation. 

In  certain  runway  environments,  the  simple  approach  described 
above  may  be  inadequate.  For  example,  an  AZ  antenna  may  have 
to  be  located  high  above  the  ground  in  a  valley  between  the 
Localizer  and  the  runway.  This  could  result  in  a  significant 
effect  on  Localizer  performance  because  the  AZ  antenna  would  no 
longer  be  in  a  region  of  weak  field  near  the  ground.  In  this 
case  an  "invisible"  AZ  antenna  could  be  used,  as  indicated  in 
Figure  12-2  (top) .  This  antenna  wourd  be  designed  to  prevent 
a  continuous  horizontal  conducting  path  for  current  induced  by 
the  Localizer  radiation  (which  is  horizontally  polarized  and  has 
a  9-foot  wavelength) ,  and  the  antenna  would  appear  invisible  at 
110  MHz.  It  is  estimated  that  the  effect  of  the  AZ  antenna  could 
be  reduced  by  20  dB  with  an  "invisible"  design. 

An  alternate  approach  is  indicated  in  Figure  12-2  (bottom) , 
utilizing  a  double  AZ  antenna,  with  one  antenna  placed  on  each 
side  of  the  Localizer  where  the  Localizer  radiation  is  usually 
weak.  In  this  system,  successive  Doppler  scans  are  radiated 
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alternately  by  each  of  the  two  antennas.  In  the  aircraft  receiver, 
the  two  different  received  frequencies  are  automatically  averaged 
over  the  many  scans  in  each  function  time,  giving  the  same  re¬ 
sult  as  if  there  was  a  single  AZ  antenna  on  the  runway  centerline. 

In  addition  to  being  a  possible  solution  to  the  colocation  prob¬ 
lem,  the  double  AZ  antenna  can  also  be  considered  for  those 
runways  where  there  is  no  room  for  any  antenna,  including  the 
Localizer,  beyond  the  end  of  the  runway.  The  ability  to  use  a 
double  AZ  antenna  whore  necessary  is  a  significant  feature  of  the 
Doppler-scan  system. 

A  limitation  of  the  double  AZ  antenna  system  is  that  as  the  air¬ 
craft  approaches  the  stop  end  of  the  runway  the  two  received 
frequencies  can  separate  beyond  the  bandwidth  of  the  narrowband 
(or  "centerline")  filter  that  may  be  in  use  in  the  receiver. 

For  a  150  foot  separation  of  the  AZ  antennas  and  a  +3.5  degree 
angular  limit  permitted  by  the  filter  bandwidth,  an  aircraft  at 
the  edge  of  a  150  foot  wide  runway  would  to  bypass  the  filter  in 
order  to  receive  signals  from  both  antennas  at  ranges  less  than 
about  3,000  feet.  The  system  can  be  arranged  so  that  this  can 
be  done  automatically  in  the  receiver  for  those  runways  using 
a  double  AZ  antenna.  The  need  for  a  narrowband  filter  decreases 
markedly  as  the  aircraft  approaches  the  stop  end  of  the  runway. 

In  conclusion,  a  simple  AZ  antenna  located  in  front  of  the  Local¬ 
izer  is  recommended  as  a  solution  to  the  colocation  problem  for 
most  runways.  For  special  circumstances,  an  "invisible"  antenna 
or  a  double  antenna  system  may  be  necessary.  Testing  is  recom¬ 
mended  to  be  performed  following  the  Feasibility  Demonstration 
Phase  to  demonstrate  the  immunity  of  Localizer  performance  to 
this  proposed  A2  location. 
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2.  Colocation  of  EL-1  with  Glide  Slope. 

The  EL-1  antennas  should  be  placed  alongside  the  runway  opposite 
the  GPIP.  There  may  be  an  ILS  Glide  Slope  antenna  already  in 
operation  in  this  location.  It  is  important  that  neither  antenna 
degrade  the  performance  of  the  other. 

The  El-1  antenna  closest  to  the  Glide  Slope  antenna  is  the  larger 
of  the  two  proposed  EL-1  antennas  and  is  used  for  the  lower  cover¬ 
age  angles.  Figure  12-3  indicates  this  antenna  placed  alongside 
the  Glide  Slope  antenna,  about  50  feet  closer  to  the  runway.  It 
is  estimated  that  the  effect  of  this  antenna  on  the  Glide  Slope 
angle  accuracy  will  be  less  than  0.01  degrees.  This  is  believed 
to  introduce  a  negligible  change  in  the  Glide  Slope  system  opera¬ 
tion.  The  effect  of  the  other  EL-1  antenna,  which  is  smaller  and 
further  away,  would  be  even  smaller.  The  Glide  Slope  antenna  will 
have  a  negligible  effect  on  EL-1  performance.  Testing  of  this  lo¬ 
cation  of  the  EL-1  antenna  is  recommended  to  demonstrate  the  im¬ 
munity  of  Glide  Slope  performance. 

3.  Colocation  of  AZ  with  Approach  Lighting  System. 

Certain  runways  are  equipped  with  an  Approach  Lighting  System 
(ALS) .  This  system  of  lights  occupies  the  region  beyond  the  end 
of  the  runway  in  which  an  AZ  antenna  would  be  placed.  The  effect 
of  each  system  on  the  other  is  of  interest.  Figure  12-4  (top) 
indicates  an  AZ  antenna  located  above  the  plane  of  the  lights  and 
just  inside  one  row  of  lights.  For  an  aircraft  approaching  the 
runway  along  the  glide  slope,  one  of  the  ALS  lights  may  be  ob¬ 
scured  by  the  AZ  antenna  until  the  aircraft  reaches  a  point 
where  the  light  appears  over  the  top  of  the  AZ  antenna.  In  many 
cases,  this  would  occur  when  the  aircraft  is  outside  the  middle 
marker.  At  the  present  time,  based  on  discussion  with  United 
Air  Lines,  this  effect  does  not  seem  to  be  a  significant  handi¬ 
cap  to  the  pilot. 


12-6 


Report  10926 


M  7  ALlTIT  fiJAJA 


als  M ay  CAUSE  azimuth  ahgls  error 

(small  MSN  UKN&  CtNTBRUNS  HUSr') 


Figure  12-4.  AZ  Antenna  and  Approach  Lighting  System 
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As  indicated  in  Figure  12-4  (bottom) ,  the  presence  of  the  ALS 
above  the  ground  between  the  AZ  antenna  and  the  runway  can  have 
some  effect  on  the  antenna  performance.  The  ALS  structure  can 
cause  an  azimuth  angle  error?  this  error  becomes  small  when  the 
aircraft  receiver  is  using  the  "centerline"  narrowband  filter. 

The  support  structure  for  the  lights  can  modify  the  elevation 
pattern  in  a  manner  somewhat  different  from  the  normal  modi¬ 
fication  caused  by  the  ground.  All  of  these  effects  decrease 
as  the  vertical  aperture  of  the  AZ  antenna  is  increased  and  as 
the  distance  between  the  bottom  of  the  antenna  and  the  plane 
of  the  lights  is  increased.  When  the  lights  are  well  below  the 
bottom  of  an  AZ  antenna  with  a  large  vertical  aperture,  the 
effect  on  AZ  performance  is  expected  to  be  negligible. 

B.  DETAILED  DISCUSSION 

1.  Discussion  of  AZ  Colocation  with  Localizer. 

Four  possible  locations  for  the  A2  antenna  were  studied:  these 
are  indicated  in  Figure  12-5. 

The  first  location,  with  the  AZ  antenna  together  with  the  Local¬ 
izer  does  not  appear  to  be  attractive.  For  the  V-Ring  and  8-Loop 
Localizers,  locating  an  AZ  antenna  close  to  the  radiating  ele¬ 
ments  will  affect  the  Localizer  patterns.  Even  an  "invisible" 

AZ  antenna  will  have  some  effect  when  it  is  close  to  these 
Localizer  elements.  For  the  Wf.veguide  Localizer,  an  AZ  location 
just  above  the  front  of  the  waveguide  roof  is  possible,  but  the 
AZ  vertical  aperture  would  usually  have  to  be  larger,  and  there 
remains  the  problem  of  affecting  the  patterns  of  the  Localizer 
Clearance  antenna  which  is  located  to  the  rear.  In  any  case,  it 
would  seem  that  attempting  to  integrate  the  AZ  antenna  with  an 
existing  Localizer  antenna  would  be  a  major  nuisance. 

A  possible  exception  is  the  special  case  of  a  Localizer  antenna 
which  has  been  installed  on  a  platform  sufficiently  high  above 
the  runway  to  permit  an  AZ  antenna  to  be  properly  located 
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underneath  the  platform.  If  the  platform  supports  can  be  arranged 
to  avoid  blocking  the  AZ  antenna  radiation,  the  underneath  loca¬ 
tion  may  be  acceptable  for  this  case. 

The  second  location,  with  the  AZ  antenna  behind  the  Localizer, 
cannot  be  guaranteed  to  provide  the  required  MLS  performance 
unless  the  AZ  antenna  is  located  (a)  very  far  behind  the 
Localizer,  or  (b)  above  and  just  behind  the  Localizer.  The  far- 
behind  location  is  not  generally  available,  and  the  abcve-behir.d 
location  is  likely  to  have  an  obstruction  clearance  problem  as 
well  as  requiring  a  larger  vertical  aperture  for  the  AZ  antenna. 

It  is  estimated  that  with  the  V-Ring  Localizer,  a  close-behind 
location  of  the  AZ  antenna  may  give  adequate  MLS  performance 
when  a  "centerline"  narrowband  filter  is  used  in  the  receiver 
to  remove  most  of  the  spurious  signals  caused  by  reflection  from 
the  V-Rings  and  their  supports.  It  is  also  possible  that  an  AZ 
antenna  for  configuration  D  placed  close  behind  the  8~Loop  Local¬ 
izer  and  offset  from  the  centerline  to  radiate  between  the  wider- 
spaced  loops  would  yield  adequate  MLS  performance.  However,  it 
should  be  recognized  that  both  the  V-Ring  and  8-Loop  Localizers 
radiate  substantial  power  to  the  rear,  so  with  the  rear  AZ  loca¬ 
tion  there  would  be  an  effect  on  ILS  performance  comparable  with 
that  with  the  front  location.  In  general,  the  rear  location  for 
the  AZ  antenna  is  not  considered  attractive. 

The  third  location,  with  the  AZ  antenna  in  front  of  the  Localizer 
is  recommended  for  most  runways.  When  both  the  runway  and  the 
ground  between  the  Localizer  and  the  AZ  antenna  are  substantially 
flat,  the  AZ  antenna  is  likely  to  be  located  close  to  the  ground. 
Since  the  Localizer  radiation  has  a  null  along  the  ground,  an  AZ 
antenna  close  to  the  ground  will  be  in  a  region  of  weak  field  and 
will  have  a  much  smaller  effect  than  would  otherwise  be  the  case. 
Also,  the  AZ  antenna  is  shorter  than  the  Localizer,  and  intercepts 
only  a  fraction  of  the  Localizer  radiated  power,  as  well  as  re¬ 
radiating  this  power  in  a  broad,  low-gain  pattern.  Bo  :h  the  weak- 
fiold  effect  and  the  intercepted-power-f raction  effect  are  depen¬ 
dent  on  distance  between  the  two  antennas;  the  greater  the  distance 
the  less  is  the  effect  of  the  AZ  antenna. 
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An  analysis  has  been  made  of  the  effect  of  the  A2  antenna  for 
various  antenna  combinations  as  a  function  of  distance  between 
the  two  antennas  and  of  height  of  the  top  of  the  AZ  antenna 
above  ground,  for  the  case  of  a  flat  ground.  These  results 
are  plotted  in  terms  of  the  ratio  of  the  signal  reradiated  from 
the  AZ  antenna  relative  to  the  direct  Localizer  signal,  as  both 
signals  are  received  by  an  aircraft  near  the  runway  centerline. 
The  results  are  essentially  independent  of  Localizer  height 
above  ground  when  this  height  is  not  unusually  large,  and  are 
essentially  independent  of  aircraft  elevation  angle  for  angles 
near  the  glide  slope. 

Figure  12-6  presents  the  results  for  the  case  of  a  V-Ring  or  a 
W a ve g aide  Loc a lize i  and  an  AZ  antenna  for  configuration  K  (a  15- 
foot  diameter  circular  array  was  assumed,  but  a  12-foot  long 
linear  array  yields  about  the  same  result) .  The  solid  curve 
marked  h  =  6  ft.  is  for  the  case  of  a  6-foot  height  of  the  top 
of  the  AZ  antenna  above  ground  (corresponding,  for  example, 
to  a  4-foot  vertical  aperture  and  a  2-foot  clearance  from  the 
ground).  For  a  75-fock  distance  between  the  AZ  antenna  and 
the  Localizer,  the  ratio  of  reradiated  to  direct  signal  is 
calculated  to  be  about  -46  dB  near  the  runway  centerline. 

The  reradiated  signal  occurs  only  in  the  "carrier  and  sideband" 
signal  that  is  radiated  on  the  "sum"  pattern  of  the  Localizer. 
This  is  because  the  "sideband  only"  signal  is  radiated  on  the 
"difference"  pattern  of  the  Localizer  which  has  a  null  along 
the  centerline  of  the  Localizer.  Assuming  that  the  AZ  antenna 
is  located  on  the  Localizer  centerline,  there  is  essentially  no 
"sideband  only"  field  at  the  AZ  antenna.  As  a  result,  the  AZ 
antenna  will  affect  the  slope  of  the  ddm  pattern  of  the  Localizer 
system,  but  will  not  affect  the  ddm  null  location  or  the  "on- 
course"  direction. 
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For  a  reradiated  "carrier  and  sideband"  signal  46  dB  weaker  than 
the  direct  signal,  the  maximum  change  in  ddr  slope  would  be  0.5%. 
This  is  believed  to  introduce  a  negligible  change  in  Localizer 
system  operation.  If  the  AZ  antenna  is  only  50  feet  in  front  of 
the  Localizer  instead  of  75  feet,  the  signal  ratio  becomes  about 
40  dB  yielding  a  maximum  change  in  ddm  slope  of  about  1%.  This 
is  also  believed  to  be  a  negligible  effect  in  the  Localizer 
system.  However,  a  reduction  of  distance  to  25  feet  would  cor¬ 
respond  to  about  30  dB  or  3%  which  may  be  large  enough  to  be 
noticeable  in  Localizer  system  operation. 

Nominally  the  Localizer  is  placed  1000  feet  or  more  from  the  stop 
end  of  the  runway.  For  these  cases  a  6- foot-height  AZ  antenna 
could  be  located  500  feet  in  front  of  the  Localizer  without  in¬ 
terfering  with  the  50/1  clearance  surface  that  begins  200  feet 
from  the  end  of  the  runway.  However,  there  are  a  significant 
number  of  runways  where  the  Localizer  is  substantially  closer; 
for  example,  two  of  the  six  Localizers  at  JFK  are  less  than  500 
feet  from  the  end  of  their  runways.  Localizers  such  as  these 
are  likely  to  penetrate  the  clearance  surface  and  therefore  re¬ 
quire  a  waiver  for  their  installation.  For  such  cases  the  AZ 
antenna  would  probably  also  penetrate  the  clearance  surface  and 
require  a  waiver,  but  the  amount  of  penetration  can  typically  be 
made  no  greater  than  that  of  the  Localizer.  For  example ,  a  6- 
foot-height  AZ  antenna  placed  75  feet  in  front  of  a  7.5-foot- 
height  V-Ring  Localizer  would  penetrate  the  50/1  slope  by  the 
same  amount.  If  placed  only  50  feet  in  front,  this  AZ  antenna 
would  penetrate  the  50/1  slope  1/2  foot  less  than  the  Localizer. 

The  solid  curve  marked  h  =  12  ft.  is  for  the  case  of  a  12-foot 
height  of  the  AZ  antenna  above  flat  ground.  Such  a  height  might 
be  needed  with  a  runway  that  is  high  in  the  •'iddle  or  with  a 
ground  that  slopes  off  beyond  the  stop  end  of  the  runway.  With 
this  height  becoming  twice  the  previous  height  the  reradiated 
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signal  becomes  essentially  12  dB  stronger  than  the  previous 
value.  For  example,  at  a  distance  of  75  feet  the  ratio  of 
reradiated  signal  to  direct  signal  is  about  -34  dB,  yielding 
a  maximum  change  in  ddm  slope  of  about.  2%. 

For  greater  heights  or  shorter  distances,  the  reradiated  signal 
can  become  stronger  than  a  level  considered  acceptable.  For 
such  cases  a  design  is  available  for  the  A2  antenna  that  is 
"invisible"  to  the  Localizer  radiation.  Figure  12-7  indicates 
the  principle  of  the  “invisible"  antenna  design.  The  basic 
A 2  antenna  we  propose  for  configuration  K  comprises  a  series  of 
slotted  vertical  waveguides  placed  side-by-side.  In  the  ordinary 
design,  these  metal  waveguides  would  be  in  electrical  contact 
with  each  other  and  am  incident  wave  from  the  horizontally 
polarized  Localizer  would  induce  a  horizontal  current  flowing 
across  the  AZ  antenna  which  would  reradiate.  In  the  "invisible" 
design,  the  waveguides  would  be  separated  from  each  other  by  an 
air  gap  or  other  non-conducting  material,  so  that  a  horizontal 
conduction  current  could  not  flow  across  the  antenna.  As  a 
result,  the  reradiation  of  the  AZ  antenna  would  be  reduced. 

For  an  air  gap  between  the  waveguides  equal  to  one-quarter  of  the 
waveguide  spacing,  it  is  estimated  that  the  reradiation  amplitude 
would  be  reduced  to  about  0.2  of  its  original  value.  This  re¬ 
sidual  effect  is  caused  by  the  capacitance  across  the  air  gaps, 
which  permits  a  small  capacitive  current  to  flow  across  the 
antenna.  The  capacitive  current  can  be  considerably  reduced  by 
a  few  small  coils  attached  between  some  of  the  waveguides;  this 
tuning  process  can  include  the  capacitive  effect  of  a  radome 
covering  the  slotted  waveguides.  It  is  estimated  that  the 
resulting  reradiation  amplitude  would  be  reliably  less  than  0.1 
or  -20  dB  compared  with  the  original  antenna.  This  result  is 
indicated  by  the  dashed  curves  Figure  12-6. 
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Figure  12-7.  Principle  of  "Invisible"  Antenna 
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The  "invisible"  type  of  antenna  would  require  some  additional 
effort  during  the  design  of  the  AZ  antenna.  It  would  also  be 
a  little  more  expensive  than  the  ordinary  antenna  to  construct. 
The  installation  of  an  "invisible"  antenna  would  have  to  be 
carefully  controlled  to  ensure  that  the  desired  result  was 
achieved;  for  example,  the  cables  leading  down  from  the  wave¬ 
guide  columns  should  be  kept  apart  until  they  are  near  the 
ground.  The  tower  on  which  such  an  antenna  might  be  mounted 
should  be  designed  so  that  its  horizontal  lateral  members  are 
non-conductors  and  not  too  thick.  The  "invisible"  antenna  is 
recommended  only  where  it  is  needed  at  a  particular  runway. 

Figure  12-8  presents  results  of  an  analysis  for  the  case  of  an 
8-Loop  Localizer  and  an  AZ  antenna  for  configuration  D.  It  is 
believed  that  on  a  runway  equipped  with  an  8-Loop  Localizer  it 
is  likely  that  a  D  rather  than  a  K  configuration  AZ  antenna 
would  be  used.  The  D  antenna  has  a  smaller  vertical  aperture, 
and  its  top  is  assumed  to  be  at  a  5-foot  height  above  ground 
(corresponding,  for  example,  to  a  3-foot  vertical  aperture  and 
a  2-foot  clearance  from  the  ground).  This,  together  with  the 
smaller  length  of  the  antenna  (6  feet)  ,  overcomes  the  effect  of 
the  smaller  length  of  the  Localizer  to  yield  re radiated- to- 
direct  signal  ratios  similar  to  those  for  the  configurations 
given  in  Figure  12-6.  Placing  the  AZ-D  antenna  50  feet  in 
front  of  the  8-Loop  Localizer  yields  a  1%  maximum  change  in 
ddm  slope,  which  is  believed  to  be  a  negligible  effect  in  the 
Localizer  system. 

Along  with  the  Waveguide  Localizer  there  is  a  Clearance  antenna 
consisting  of  an  8-Loop  Array.  When  an  A2  ar.tenna  for  configu¬ 
ration  K  is  located  in  front  of  this  Localizer  system  it  will 
affect  the  Clearance  antenna  performance  as  well  as  the  Wave¬ 
guide  antenna  performance.  Since  the  Clearance  antenna  is 
smaller  than  the  Waveguide  antenna  the  AZ  antenna  will  have  a 
greater  effect  on  the  Clearance  antenna  performance.  It  is 
estimated  that  with  the  clearance  antenna  an  AZ  antenna  for 
configuration  K  will  yield  reradiatecl-to-direct  signal  ratios 
about  8  dB  greater  than  those  for  the  configurations  given  in 
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Figure  12-6.  For  a  75-foot  distance  the  maximum  change  in  ddm 
slope  is  about  1%  which  is  believed  negligible,  particularly 
since  the  Clearance  antenna  is  intended  to  provide  only  ”fly 
left-fly  right"  information. 

Various  other  types  of  Localizer  antennas  can  be  considered. 

The  amplitude  of  the  effect  of  an  AZ  antenna  in  front  of  any 
Localizer  is  essentially  inversely  proportional  to  the  length 
of  the  Localizer.  The  new  Alford  Localizer  antennas  with 
traveling-wave  elements  are  available  with  several  lengths 
ranging  from  32  feet  to  140  feet.  The  Plessey  STAN-7  and  STAN- 
37  Localizer  course  antennas  range  from  85  feet  to  165  feet  in 
length.  The  Thomson-CSF  Localizer  course  antenna  is  about  100 
feet  long.  For  those  Localizers  about  40  feet  long  the  effect 
of  an  AZ  antenna  in  front  will  be  about  the  same  as  that  for 
the  8-Loop  Localizer,  and  for  those  Localizers  about  100  feet 
long  the  effect  will  be  about  the  same  as  that  for  the  V-.<ing 
Localizer, 

It  has  been  assumed  in  the  analysis  so  far  that  the  AZ  antenna  is 
located  exactly  on  the  Localizer  centerline,  so  that  no  change  in 
the  "on-course"  direction  would  occur.  If  the  AZ  antenna  is  not 
exactly  on  the  Localizer  centerline  because  of  siting  tolerances, 
AZ  antenna  asymmetry,  or  a  small  intentional  steering  of  the 
Localizer  beam  direction  from  its  original  direction,  there  would 
be  a  small  "sideband  only"  signal  reradiated  from  the  AZ  antenna 
resulting  in  a  small  error  in  the  Localizer  "on-course"  direction. 
Assuming  a  1-foot  offset  of  an  AZ  antenna  75  feet  in  front  of 

the  Localizer  and  assuming  a  -40  dB  ratio  of  reradiated  to  direct 
signal,  the  error  in  the  Localizer  "on-course"  direction  is  cal¬ 
culated  to  be  less  than  0.01  degrees.  This  is  believed  to  be  a 
negligible  error.  It  therefore  appears  that  reasonable  tolerances 
on  symmetry  and  alignment  of  the  two  antennas  will  be  adequate. 
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Another  question  concerns  the  possible  effect  of  the  AZ  antenna 
on  the  signals  received  by  the  Localizer  monitor  antennas.  I f 
the  monitors  are  far  from  the  AZ  antenna  they  receive  essentially 
the  same  ratio  of  reradiated  to  direct  signals  that  the  aircraft 
receives.  However,  if  the  distance  between  the  monitor  antenna 
and  the  AZ  antenna  is  small  compared  with  the  distance  between 
the  monitor  antenna  and  the  Localizer,  the  ratio  will  be  greater 
and  the  monitor  antenna  signal  may  be  changed  significantly. 

The  V-Ring  and  the  Waveguide  Localizers  employ  two  aperture 
monitor  antennas  located  about  12  feet  in  front  of  the  Localizer 
antenna.  For  an  AZ  antenna  75  feet  in  front  of  these  Localizers, 
the  change  in  the  monitor  signals  would  be  quite  negligible. 

The  8-Loop  Localizer  employs  two  field  monitor  antennas  150  feet 
from  the  Localizer.  For  a  D-conf iguration  AZ  antenna  having  a 
5-foot  height  above  ground  and  located  75  feet  in  front  of  this 
Localizer,  a  change  of  less  than  0.2  dB  in  the  monitor  signals 
is  estimated;  this  is  believed  to  be  also  negligible.  An  AZ 
location  50  feet  in  front  of  this  Localizer  will  yield  a  similar 
result. 

The  near-field  monitor  antennas  for  the  Stan  37  Localizer  are 
located  about  78  feet  and  250  feet  from  the  Localizer.  An  AZ 
antenna  at  75  feet  would  be  too  close  to  one  of  the  monitors. 
However,  an  AZ  antenna  located  about  200  feet  from  this  Localizer 
is  estimated  to  yield  a  change  of  less  than  0.3  dB  in  the  signals 
of  these  monitor  antennas,  for  a  K  configuration  AZ  antenna  hav¬ 
ing  a  6-foot  height  above  ground,  with  these  Localizers,  which 
are  typically  18  feet  or  12  feet  high,  an  AZ  antenna  200  feet 
in  front  would  not  affect  the  50/1  takeoff  clearance  limit. 

There  are  probably  some  Localizer  situations  where  an  AZ  antenna 
could  not  be  reasonably  located  without  substantially  affecting 
the  signal  in  a  monitor  antenna.  For  such  cases,  it  would  be 
necessary  to  adjust  the  monitor  system  for  the  modified  signal 
that  is  received  in  the  presence  of  the  AZ  antenna.  Alternatives 
to  this  adjustment  would  be  the  use  of  an  "invisible"  AZ  antenna 
or  a  double  AZ  antenna. 
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The  estimates  presented  here  of  the  effect  on  Localizer  performance 
of  the  AZ  antenna  located  in  front  of  the  Localizer  are  considered 
to  be  sufficiently  reliable  to  indicate  feasibility  of  the  concept 
and  to  proceed  with  the  planning  of  system  configurations.  How¬ 
ever,  it  is  recognized  that  before  the  completion  of  the  five- 
year  MLS  program,  it  would  be  desirable  to  demonstrate  the  im¬ 
munity  of  Localizer  performance  to  the  proposed  AZ  location. 

It  is  therefore  recommended  that  experimental  evaluation  be 
performed  in  one  of  the  following  suggested  approaches: 

o  Following  the  Feasibility  Demonstration  Phase,  Hazeltine 
will  supply  the  AZ  cylindrical  array  antenna  to  the 
government  for  installation  on  an  ILS  runway  for  test 
and  evaluation 

o  Hazeltine  supply  equivalent  electrical  mockups  of  both 
the  AZ  antenna  and  the  "invisible"  antenna  for  instal¬ 
lation,  test,  and  evaluation.  These  tests  could  be  run 
concurrently  with  the  feasibility  demonstration. 

Such  measurements  would  be  desirable  for  any  system  (not  only 
Doppler  scan)  that  proposes  to  locate  the  AZ  antenna  in  front 
of  the  Localizer. 

It  is  recommended  that  the  ddm  slope  and  the  "on-course" 
direction  of  an  existing  Localizer  be  measured  in  an  aircraft 
for  several  cases.  One  case  should  be  without  any  AZ  antenna. 
Another  case  should  be  with  an  AZ  antenna  located  in  its  nominal 
position  close  to  the  ground.  A  third  case  should  be  with  an  AZ 
antenna  high  enough  above  its  nominal  position  to  obtain  a  clearly 
measurable  effect,  so  as  to  permit  interpolation  for  lower  heights. 

For  these  measurements,  the  AZ  antenna  need  not  be  the  actual 
antenna.  A  simple  piece  of  sheet  metal  having  the  same  overall 
dimensions  would  yield  the  same  result.  This  would  allow  the 
"antenna"  to  be  raised  and  lowered  easily  for  rapid  comparative 
tests.  It  also  would  allow  the  tests  to  be  made  independent  of 
the  availability  of  the  actual  AZ  antenna. 
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The  last  of  the  four  locations  studied  utilizes  a  double  AZ  an¬ 
tenna,  with  one  antenna  placed  on  each  side  of  the  Localizer. 

This  approach  is  avail<ible  for  difficult  situations  where  the 
other  approaches  may  be  inadequate.  One  such  situation  is 
where  an  obstacle  exists  between  the  Localizer  and  the  runway 
which  would  either  prevent  installation  of  an  AZ  antenna  or 
would  substantially  degrade  its  performance.  Another  situation 
is  the  special  case  of  a  Localizer  placed  so  close  to  the  stop 
end  of  the  runway  that  an  AZ  antenna  in  front  of  the  Localizer 
would  not  be  permitted. 

In  general,  each  of  the  two  AZ  antennas  should  be  placed  near  the 
line  of  the  Localizer  array  because  a  more  forward  location  would 
usually  increase  the  effect  on  Localizer  performance  and  a  locution 
more  to  the  rear  would  be  likely  to  cause  an  effect  on  AZ  perform¬ 
ance.  The  effects  of  the  AZ  antennas  on  the  performance  of  the 
various  Localizers  have  not  been  analyzed  quantitatively  for  the 
AZ  location  to  the  aide  of  the  Localizer  but  it  is  believed  likely 
that  the  effects  would  not  be  greater  than  those  with  the  AZ  an¬ 
tenna  in  front  of  the  Localizer.  All  types  of  Localizers  have 
weaker  radiation  toward  the  side  than  toward  the  front;  the  V- 
Ring  Localizer  in  particular  has  an  element  pattern  with  a  mini¬ 
mum  value  near  the  sideward  direction.  (It  may  be  noted  that  the 
transmitter  building  for  a  Localizer  is  permitted  to  be  located 
as  close  as  200  feet  from  the  center  of  the  Localizer  array.)  It 
is  recommended  that  the  two  AZ  antennas  be  symmetrically  located 
relative  to  the  Localirer  centerline,  thereby  guaranteeing  es¬ 
sentially  no  change  in  the  "on-course"  or  null  direction  of  the 
Localizer  "sideband  only"  pattern.  It  is  also  recommended  that 
measurements  similar  to  those  described  earlier  be  made  to  demon¬ 
strate  that  AZ  antennas  can  be  placed  on  each  side  of  the  several 
types  of  Localizers  without  significantly  degrading  Localizer 
performance . 
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In  the  double  AZ  antenna  system,  successive  Doppler  scans  are 
radiated  alternately  by  each  of  the  two  antennas.  When  the 
aircraft  is  far  away,  it  receives  the  same  frequency  from  both 
antennas.  As  the  aircraft  comes  closer  its  azimuth  angle  to 
the  two  antennas  differs  and  two  different  frequencies  are 
received,  one  on  one  scan  and  the  other  on  the  next  scan.  How¬ 
ever,  in  the  receiver  the  two  frequencies  are  automatically 
averaged  over  the  many  scans  in  each  function  time,  giving  the 
same  result  as  if  there  was  a  single  AZ  antenna  on  the  runway 
centerline . 

A  limitation  of  the  double  AZ  antenna  system  is  that  as  the 
aircraft  continues  to  approach  the  AZ  antennas  the  two  received 
frequencies  can  separate  beyond  the  bandwidth  of  the  narrowband 
(or  "centerline")  filter  that  may  be  in  use  in  the  receiver. 

This  would  typically  occur  after  touchdown  as  the  aircraft  ap¬ 
proaches  the  stop  end  of  the  runway.  Figure  12-9  shows  a  graph 
of  range  from  the  AZ  antennas  to  the  aircraft  vs.  the  maximum 
angle  of  the  aircraft  relative  to  one  of  the  AZ  antennas  for  an 
assumed  200-foot  separation  of  the  AZ  antennas.  For  this  case 
three  curves  are  given:  one  for  an  aircraft  on  the  runway  center- 
line,  one  for  an  aircraft  at  the  edge  of  a  150-foot-wide  runway, 
and  one  for  an  aircraft  at  the  edge  of  a  250-foot-wide  runway.  An 
additional  set  of  three  dashed  curves  is  given  for  the  case  of  a 
single  AZ  antenna  on  the  runway  centerline. 

A 3  an  example,  consider  a  receiver  with  our  baseline  centerline 
filter  having  a  bandwidth  equivalent  to  +4.5  degrees  from  the 
centerline.  With  a  K-conf iguration  AZ  antenna  having  a  Doppler 
beamwidth  of  1  degree,  the  maximum  azimuth  angle  for  accurate 
use  of  the  filter  would  be  about  3.5  degrees.  For  a  150-foot- 
wide  runway,  the  minimum  range  permitting  use  of  the  filter 
would  be  about  2900  feet  from  the  double  AZ  antenna.  This 
range  would  have  been  about  1200  feet  with  a  single  AZ  antenna. 
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For  those  aircraft  desiring  AZ  guidance  to  the  stop  end  of  the 
runway,  the  system  can  be  arranged  so  that  the  centerline  filter 
is  automatically  bypassed  at  short  ranges  when  the  aircraft  is 
on  a  runway  having  a  double  AZ  antenna.  The  need  for  a  narrow- 
band  filter  decreases  markedly  as  the  aircraft  approaches  the 
stop  end  of  the  runway  because  (1)  the  multipath  signal  from 
reflections  to  the  side  of  the  runway  follows  a  longer  and  lower 
path  than  the  direct  signal  and  is  likely  to  be  weak  compared 
with  the  direct  signal,  and  (2)  a  relaxation  of  azimuth  angle 
accuracy  required  by  the  aircraft  occurs  because  both  range  and 
velocity  are  decreasing.  it  is  planned  to  include  in  the  data 
transmission  to  the  aircraft  one  bit  that  notifies  the  receiver 
that  the  runway  has  a  double  AZ  antenna.  In  those  aircraft, 
desiring  AZ  guidance  to  the  stop  end  of  the  runway,  the  receiver 
will  then  automatically  bypass  the  filter  at  an  appropriate  point 
as  the  aircraft  rolls  down  the  runway,  based  on  DME  information. 

The  double  AZ  antenna  is  available  as  a  solution  to  difficult 
special  problems  of  colocation  with  the  ILS  Localizer.  The 
double  AZ  anten na  can  als o_  be  considered  for  t hose  run’..’ ay s  vh ere 

there  is  not  enough  room  for  any  antenna, in c lading  the  Loca 1 i z e r t 

beyond  the  end  of  the  runway.  An  example  of  this  situation  occurs 
at  Logan  Airport  i».  Boston  where  at  least  three  of  the  runways 
have  only  about  300  feet  between  their  stop  ends  and  the  water 
of  Boston  Harbor.  It  is  unlikely  that  an  AZ  antenna  would  be 
permitted  this  close  to  the  end  of  the  runway  on  the  runway  cent¬ 
erline.  However,  a  double  AZ  antenna,  close  to  the  end  of  the 
runway  but  with  the  antenna  separation  yreater  than  the  runway 
width,  might  be  permitted  in  such  cases.  An  example  of  a  struc¬ 
ture  in  this  location  is  the  transmitter  building  for  the  local¬ 
izer,  which  can  be  offset  as  little  as  200  feet  from  the  runway 
centerline  and  is  sometimes  placed  close  to  the  end  of  the  runway. 
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Figure  12-10  shows  a  graph  similar  to  the  previous  one  but  for  an 
assumed  400-foot  separation  of  the  AZ  antennas.  It  is  evident  that 
with  the  greater  separation,  the  minimum  range  for  use  of  the  nar¬ 
rowband  filter  is  greater.  For  example ,  with  a  filter  bandwidth 
equivalent  to  +4.5°,  an  AZ  antenna  with  1  degree  Doppler  beamwidtn, 
and  a  150-foot-wide  runway,  the  minimum  range  permitting  use  of 
the  filter  would  be  about  4500  feet.  For  the  shorter  runways  this 
would  require  bypass  of  the  narrowband  filter  soon  after  the  touch¬ 
down  if  the  aircraft  was  using  AZ  guidance  at  this  time.  However, 
runways  having  little  clear  land  beyond  the  stop  end  are  not  likely 
to  be  certified  above  Category  II;  therefore,  the  aircraft  would 
not  be  using  A2  guidance  at  the  close  ranges  where  filter  bypass 
would  be  necessary.  Thus,  it  appears  that  for  such  runways,  the 
double  AZ  antenna  with  wide  (about  400  foot)  spacing  is  of  interest. 

With  any  of  the  double  AZ  antenna  systems  it  is  expected  that  each 
of  the  two  AZ  antennas  would  have  its  own  reference  antenna.  This 
would  allow  phase  cycling  to  operate  properly  where  it  is  needed 
for  those  aircraft  receivers  utilizing  multiscan  counting. 

2,  Discussion  of  EL-1  Colocation  with  Glide  Slope 

The  EL-1L  antenna  is  assumed  to  be  located  alongside  the  Glide 
Slope  antenna,  about  50  feet  closer  t.o  the  runway.  The  elements 
of  the  Glide  Slope  antenna  radiate  only  weakly  toward  the  side 
where  the  EL-1  antenna  would  be  placed.  In  addition,  this  side¬ 
ward  radiation  is  unlikely  to  be  coherently  redirected  toward 
the  forward  direction  by  the  EL-1  antenna. 

As  a  result  of  these  factors,  an  EL-1L  antenna  50  feet  to  the 
side  of  a  Glide  Slope  antenna  is  estimated  to  affect  the  Glide 
Slope  angle  accuracy  by  less  than  0.01  degrees.  This  is  be¬ 
lieved  to  introduce  a  negligible  change  in  Glide  Slope  system 
operation.  The  effect  of  an  EL-1H  antenna,  which  is  smaller 
and  further  away,  should  be  even  smaller. 
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In  order  to  conclusively  demonstrate  the  feasibility  of  colocation 
of  an  EL-1  antenna  with  the  Glide  Slope  antenna,  an  experimental 
demonstration  similar  to  that  recommended  for  the  AZ-Localizer 
case  is  believed  desirable.  Because  of  the  very  small  effect 
expected,  it  may  be  necessary  to  move  the  EL-1  antenna  closer 
them  50  feet  from  the  Glide  Slope  antenna  during  the  experi¬ 
mental  demonstration  in  order  to  observe  a  measurable  result. 

It  should  be  noted  that  increasing  the  height  of  the  EL-1 
antenna  does  not  necessarily  increase  the  re  radiation  because 
the  Glide  Slope  elevation  pattern  can  have  several  vertical 
lobes  across  the  vertical  dimension  of  the  EL-1  antenna.  For 
the  experimental  demonstration  the  structure  used  to  represent 
the  EL-1  antenna  should  be  reascnaoly  similar  to  that  of  the 
actual  antenna. 

3.  Discussion  of  AZ  Colocation  with  Approach  Lighting 
System 

Certain  runways  are  equipped  with  an  Approach  Lighting  System 
(ALS)  beyond  the  end  of  the  runway.  The  AZ  antenna  v/ould  typ¬ 
ically  be  located  above  the  plane  of  the  lights.  In  order  to 
minimize  the  number  of  lights  obscured  by  the  antenna,  it  is 
desirable  to  place  the  antenna  just  inside  (ie.  ,  nearer  to  the 
runway  than)  one  row  of  lights.  For  an  aircraft  approaching 
the  runway  along  the  glide  slope,  one  of  the  lights  in  the 
next  row  may  be  obscured  by  the  AZ  antenna  until  the  aircraft 
reaches  a  point  where  the  light  appears  over  the  top  of  the 
AZ  antenna- 

Figure  12-11  indicates  some  typical  cases  for  three  glide  slopes 
and  four  antenna  heights  above  the  obscured  light.  For  most  of 
the  cases  shown,  the  obscured  light  appears  before  the  aircraft 
reaches  the  middle  marker.  At  the  present  tine,  based  on  dis¬ 
cussion  with  United  Air  Lines,  this  effect  does  not  seem  to  be 
a  significant  handicap  to  the  pilot. 
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Figure  12-11,  Typical  Appearance  Points  of  ALS  Light 
Obscured  by  AZ  Antenna 
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The  presence  of  the  ALS  above  the  ground  between  the  AZ  antenna 
and  the  runway  can  affect  the  antenna  performance  to  some  extent. 

As  indicated  in  Figure  12-12,  the  beam  radiated  by  the  AZ  antenna 
gradually  diverges  downward  toward  the  ground,  where  it  would  re¬ 
flect  and  modify  the  basic  antenna  radiation  in  the  usual  manner. 

When  the  ALS  is  present  there  would  be  some  reradiation  from  the 
structure  supporting  the  lights  that  would  further  modify  the 
basic  antenna  radiation. 

Since  the  ALS  is  nominally  symmetrical  about  the  runway  centerline, 
it  nominally  would  not  cause  an  azimuth  angle  error  for  an  aircraft 
on  the  runway  centerline.  However,  asymmetries  in  the  ALS  structures 
can  create  an  error  for  an  aircraft  on  the  centerline,  and  even  a  per¬ 
fectly  symmetrical  structure  can  cause  an  error  for  an  aircraft  off 
the  centerline.  Both  of  these  errors  are  substantially  reduced 
when  a  centerli.  e  filter  is  used  in  the  receiver  of  an  aircraft  on, 
or  close  to,  the  centerline.  It  is  believed  that  for  most  situa¬ 
tions  the  resulting  azimuth  angle  error  would  be  small. 

The  ALS  structure  can  cause  a  significant  change  in  the  elevation 
pattern  of  the  antenna.  Because  of  the  regular  (100  foot)  spacing 
of  the  rows  of  lights,  the  reradiation  from  several  rows  will  com¬ 
bine  coherently  at  particular  low  elevation  angles  and  cause  a 
vertical-lobing  effect  in  the  elevation  pattern.  While  this  would 
not  directly  cause  an  azimuth  angle  error,  it  would  reduce  the 
signal  strength  and  may  increase  the  errors  caused  by  multipath. 

The  amount  of  the  effect  of  the  ALS  structures  depends  on  the 
fraction  of  power  they  intercept  from  the  AZ  antenna  radiation. 

The  intercepted  power  decreases  as  the  antenna  vertical  aperture 
is  increased  and  as  the  bottom  of  the  antenna  and  its  beam  of 
radiation  is  raised  above  the  plane  of  the  lights.  The  inter¬ 
cepted  power  is  also  less  where  the  height  of  the  ALS  above 
ground  is  small  because  the  AZ  field  strength  is  weak  close  to 
the  ground.  The  number  of  rows  of  lights  in  front  of  the  antenna, 
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Figure  12-12.  Reradiation  from  ALS  Structure 
Illuminated  by  AZ  Antenna 
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and  the  configuration  of  their  supporting  structure,  also 
affect  the  amount  of  intercepted  power.  It  is  suggested  that 
each  runway  having  an  ALS  should  be  considered  individually 
for  AZ  antenna  installation  in  view  of  the  above  factors. 

There  may  be  some  runways  where  the  ALS  is  such  that  an  AZ 
antenna  cannot  be  located  on  the  runway  centerline  without  its 
performance  being  seriously  affected.  In  such  cases  the  double 
AZ  antenna  is  available  as  a  solution  to  the  problem. 

1. 1.3.2  -  Siting  Considerations 

This  section  presents  the  ground  rules  and  basic  considerations 
for  siting  of  specific  Doppler  MLS  antennas  at  various  airport 
configurations.  The  constraints  employed  were  derived  from  the 
following  documents  which  specify  the  protection  surface  re¬ 
quirements  at  civil  CTOL  and  STOL  airports. 

o  FAA  Advisory  circular  AC  120-29 

o  FAA  Advisory  circular  AC  150/5300-8 

o  FAR  volume  XI  part  77 

In  addition,  physical  constraints  have  been  considered  such  as 
airport  boundary  limitiations  and  colocation  with  ILS  and  approach 
lighting  systems.  As  a  result  of  these  constraints  low-profile 
antennas  were  designed  for  the  Doppler  MLS  application.  Figure 
12-13  tabulates  the  Doppler  antenna  physical  characteristics 
currently  visualized  for  the  D  and  K  configurations.  The  nominal 
Doppler  MLS  siting  plan  is  indicated  in  figure  12-14  the  rationale 
for  siting  each  antenna  type  is  presented  in  the  paragraphs  in  this 
section.  Basically  we  satisfy  the  requirements  listed  in  the  docu¬ 
ments  with  respect  to  AZ  and  BC  AZ  antenna  siting,  but  we  exceed 
the  protection  surfaces  either  side  of  the  runway  for  some  of  the 
elevation  antennas.  The  rationale  permitting  this  approach  centers 
around  the  small  physical  size  of  the  MLS  antennas  and  the  ability 
to  site  these  antennas  closer  to  the  runway  without  decreasing 
safety  standards. 
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Antenna  Type 

K  Configuration 

Width  by  Height  in  feet 

D  Configuration 

Width  by  Height  in  feet 

AZ 

15'  by  4' 

6 '  by  3 ' 

el1L 

15'  by  12’ 

3'  by  6' 

el1h 

9'  by  6’ 

EL2 

8'  by  6' 

BCAZ 

by  3' 

DME 

1.5'  by  4' 

1.5'  by  3' 

Figure  12-13.  Doppler  Antenna  Physical  Characteristics 
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A.  A2  AND  DUE  SITING 

The  AZ  and  DME  systems  are  colocated  for  all  airport  types  with 
the  antennae  generally  along  the  extended  runway  centerline  and 
equipment  shelters  200  feet  offset  from  centerline.  The  antenna 
systems  are  small  and  kept  below  the  required  protection  surfaces. 
However,  at  some  V/STOL  ports  (E  configuration) ,  we  plan  to  co¬ 
locate  the  AZ,  Ell/H ,  and.  DME  systems  opposite  the  GPIP  at  runway 
threshold.  FAA  has  experimented  with  this  siting  configuration 
and  received  favorable  operational  results. 

B.  BC  A2  SITING 

The  baseline  selection  for  BC  AZ  siting  is  at  the  approach  end 
of  the  runway,  below  the  protective  surfaces  which  is  a  refine¬ 
ment  from  the  SC117  location.  This  siting  was  chosen  based  on 
integrity,  reliability,  and  safety  considerations.  Since  the  BC 
AZ  antenna  does  not  radiate  in  the  front  course,  the  only  way  the 
aircraft  receiver  can  validate  reception  is  when  it  enters  the 
coverage  of  the  BC  AZ  antenna.  If  it  were  located  back-to-back 
with  the  AZ  antenna,  guidance  is  not  provided  for  some  thirty 
seconds  over  the  runway  and  then  the  aircraft  is  still  not  sure 
that  any  back  course  guidance  is  available  in  the  departure  zone. 
In  addition,  we  concur  with  comments  received  from  United  Air 
Lines  in  that  the  major  function  of  the  BC  AZ  system  should  be 
to  provide  departure  guidance  and  that,  missed  approach  require¬ 
ments  should  be  infrequent. 

C.  EL-1L  SITING 

The  baseline  siting  selection  of  EL-lL  is  opposite  the  GPIP  and 
350  feet  offset  from,  the  runway  centerline.  Although  this  siting 
arrangement  exceeds  the  protection  surfaces  specified  in  AC  120- 
29,  the  ILS  glide  slope  antenna  which  is  four  times  as  high  as 
our  Doppler  MLS  antenna  is  permitted  to  be  sited  400  feet  offset 
from  runway  centerline.  In  order  to  colocate  MLS  with  the  ILS 
glide  slope,  the  EL  antenna  should  be  located  at  least  50  feet 
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to  the  aide.  Compliance  with  the  protection  surfaces  places  an 
otherwise  unwarranted  strain  and  cost  on  the  equipment  design  both 
in  the  aircraft  and  on  the  ground.  Besides,  the  physical  dimen¬ 
sions  of  this  antenna  are  small  as  compared  to  the  1LS  glide  slope 
and  is  capable  of  being  sited  as  close  as  300  feet  offset  from 
runway  centerline.  However,  it  is  only  planned  to  use  the  300 
foot  siting  at  configuration  F,  I,  and  K  airports  supporting  6° 
descent  angles  to  50  foot  minimum  guidance  altitude.  Otherwise 
the  350  foot  centerline  offset  siting  is  planned. 

D.  EL-1H  SITING 

The  same  rationale  as  presented  above  permits  the  siting  of  the 
ELlH  antenna  to  be  located  200  feet  offset  from  runway  centerline. 
This  location  is  greater  than  the  100  foot  offset  tentatively  in¬ 
dicated  by  FAA  in  AC  150/5300-8.  It  is  assumed  that  this  location 
was  based  on  a  Ku  band  system  and  that  a  C  band  system  requires 
additional  safety  constraints  due  to  its  increased  si2e.  However, 
this  antenna  is  sufficiently  small  to  minimize  the  degradation  in 
safety  at  200  foot  offset.  For  example,  the  antenna  is  smaller 
than  current  1LS  localizer  equipment  shelters  which  are  permitted 
to  be  located  200  feet  offset  from  runway  centerline. 

E.  EL-2  SITING 

With  regard  to  runway  offset  siting  of  the  EL2  antenna,  the  same 
rationale  is  adopted  as  that  presented  above  for  ELlL  siting.  In 
this  paragraph  we  discuss  the  rationale  for  siting  the  EL2  antenna 
at  a  different  distance  beyond  the  GPlP  for  CTOL  and  STOL  airports. 
The  alternative  siting  considerations  are  (a)  to  locate  EL-2  a 
fixed  distance  from  GPlP  so  that  the  altitude  and  descent  rate 
computations  can  incorporate  a  fixed  siting  constant;  or  (b)  to 
locate  EL2  at  different  distances  from  GPlP,  sufficient  to  meet 
coverage  requirements,  but  requiring  that  the  EL2  siting  coordi¬ 
nates  be  transmitted  for  use  in  the  flare  computation.  The  latter 
alternative  is  chosen  to  permit  the  possibility  of  designing  a 
smaller  EL-2  antenna  for  the  V/STOL  airport  applications. 
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1.1. 3. 3  AIRCRAFT  TYPES ,  MISSIONS  AND  CONTROL  DYNAMICS 

This  section  summarizes  the  ways  in  which  the  TACD  baseline  system 
design  and  the  definition  of  performance  requirements  were  influ¬ 
enced  by  considerations  of  compatibility  with  aircraft  types, 
missions  and  control  dynamices.  These  considerations  have  influ¬ 
enced  the  TACD  results  in  many  areas  including: 

o  Definitions  of  functional  service 

o  Signal  quality  specifications 

o  Auxiliary  data  requirements 

o  Signal  format 

o  Operating  frequency 

o  Angle  processor  design 

o  Airborne  antennas 

The  details  of  the  design  decisions  made  in  these  areas  can  be 
found  in  their  respective  report  sections  This  section  will  pre¬ 
sent  an  overview  of  the  compatibility  issues  and  re_olution. 

Table  12-1  summarizes  the  issues,  compatibility  factors  and  conclu¬ 
sions  reached  by  the  end  of  TACD.  In  some  areas  these  conclusions 
are  not  final  and  are  subject  to  revision  based  on  new  information. 

A.  AIRBORNE  ANTENNA  COVERAGE  AND  LOCATION 

Section  l.l.l.l.D  discusses  the  rationale  for  the  selection  of 
antenna  types  and  locations  for  various  aircraft.  It  is  believed 
that  (with  the  possible  exception  of  small  military  jets)  the  most 
significant  compatibility  issues  arise  in  the  case  of  the  large 
jet  transports.  The  typical  range  of  maneuvers  and  possible  flight 
paths  within  the  terminal  area  due  to  ATC  consideration  result  in 
the  requirement  for  360°  azimuth  coverage  around  the  aircraft  hori¬ 
zon.  Constraints  such  as  available  location,  airframe  effect, 
coverage  during  flare,  wheel  blockage  and  height  of  antennas  above 
the  ground  resulted  in  the  decision  to  use  a  two  antenna  diversity 
system  with  one  antenna  mounted  above  the  nose  and  one  below  the  tail. 
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Table  J2-1.  Compatibility  Factors 
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The  diversity  design  addressed  the  possible  problem  of  how  to  choose 
which  antenna  to  use  without  leaving  open  the  possibility  of  rapid 
switching  between  the  two.  The  mecahnization  chosen  maintains 
reception  from  the  forward  antenna  as  long  as  signal  strength  is 
3  dB  above  receiver  threshold.  If  not,  then  the  stronger  signal  of 
the  forward/rear  pair  is  chosen.  Two  problems  remained  with  regard 
to  the  flight  control  system.  The  nose  antenna  location  for  flare 
puts  the  antenna  at  the  end  of  a  lever  arm  with  respect  to  the 
main  gear.  The  gear  now  maintains  a  track  in  space  that  is 
below  the  actual  glidepath  beam.  At  some  airports  this  can 
become  a  problem  in  the  light  of  obstacle  clearance  requirements 
at  the  approach  end  of  the  runway.  Simulations  showed  the  touchdown 
point  moved  approximately  550  feet  towards  threshold,  when  the  an¬ 
tenna  was  moved  from  the  gear  to  the  nose,  for  a  given  flare  law. 

An  effect  on  sink  rate  at  touchdown  is  also  predicted.  It  is  planned 
during  Phase  II  to  utilize  a  more  complete  simulation  of  these 
parameters  including  the  effects  on  shadowing  and  flight  performance 
for  alternative  locations  and  to  define  corrective  measures  associ¬ 
ated  with  compensation  in  the  receiver. 

The  other  compatibility  area  remaining  has  to  do  with  the  front/ 
back  antenna  combinations  used  during  a  switchover  to  back  course 
azimuth  guidance  during  a  missed  approach.  In  a  maximum  crosswind 
of  15  knots,  a  747  aircraft  at  its  landing  speed  will  assume  a  9° 
crab  angle.  At  the  switchover,  the  receiver  will  sense  a  beam  error 
equal  in  feet  to  the  length  of  the  aircraft  times  the  sine  of  the 
crab  angle.  Computer  studies  indicated  a  roll  altitude  transient  of 
3°  could  be  observed,  with  a  significant  roll  rate/acceleration 
transient.  Sperry  recommended  that  a  roll  acceleration  limit  be 
switched  in  at  beam  switchover  to  reduce  the  transient  to  inconse¬ 
quential  levels. 

B.  OPERATING  FREQUENCY 

In  the  choice  of  operating  frequency  for  the  various  ground  con¬ 
figurations,  it  was  of  paramount  importance  to  provide  (where  not 
otherwise  constrained)  single  frequency  operation  to  the  greatest 
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number  of  users,  especially  Cat.  I/II  users  with  relatively  inex¬ 
pensive  avionics.  Based  on  investigations  of  accuracy  requirements, 
antenna  design  and  siting  considerations,  we  concluded  that  it  was 

I 

feasible  to  utilize  C-band  antennas  at  a  STOL  port  so  that  all 
C-band  operation  is  possible  for  civil  Cat.  I/II  users.  It  remains 
impractical  to  place  a  sufficiently  precise  C-band  flare  guidance 
antenna  near  the  runway;  therefore  Cat.  Ill  users  require  dual  fre¬ 
quency  receivers. 

With  respect  to  military  installations,  the  situation  remains  com¬ 
plex.  Frequency  choice  is  constrained  by: 

o  Portability  requirements  for  battle  area  installations 

o  Desire  of  nominal  (20-25  mile)  operating  range  at  main  bases 

o  The  size  restrictions  which  prevail  on  board  ship. 

If  all  military  installations  were  made  Ku  band,  there  would  be  a 
significant  decrease  in  the  range  of  operations  at  busy  Main 
Operating  Bases,  and  the  airborne  units  would  not  be  compatible 
with  civil  installations.  If  DME  operation  remained  at  C-band,  dual 
frequency  operation  would  still  be  necessary.  If  all  Cat.  I/II 
facilities  were  made  C-band,  battle  area  installations  could  still 

t 

probably  be  made  transportable,  but  not  manpack  transportable.  Also, 
carrier  aircraft  would  still  need  a  dual-band  system  for  compati¬ 
bility  with  shore-based  systems.  The  conslusion  was  to  provide  Ku 
band  angle  guidance  operation  for  military  transportable  systems 
and  the  carrier  based  Cat.  Ill  system.  Combat  aircraft  using  these 
facilities  will  carry  dual  frequency  antennas/front  ends  for  opera¬ 
tion  with  DME  and  compatibility  with  other  facilities.  If  the  man- 
pack  requirement  is  deleted,  the  frequency  choice  for  battle  area 
installation  can  be  revised  to  bring  the  military  situation  closer 
to  all  C-band  operation. 

C.  AIRBORNE  ANGLE  PROCESSOR 

In  the  receiver  studies  we  have  indicated  two  basic  types  of  proc¬ 
essors  capable  of  deriving  MLS  angle  data  outputs; 
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o  Multiscan  processor 
o  Uniscan  processor 

The  multiscan  processor  determines  the  position  or  deviation  from 
a  fixed  course  by  measuring  the  Doppler  frequency  throughout  the 
multiscan  (i.e. ,  16  Doppler  scans  within  one  function  time)  period. 
In  the  uniscan  processor  the  frequency  is  measured  on  each  indi¬ 
vidual  scan. 

The  choice  of  processing  techniques  is  primarily  effected  by  the 
required  output  granularity  for  coupled  approaches:  the  uniscan 
processor  is  required  for  autocoupled  approaches  and  the  multiscan 
processor  is  acceptable  to  AZ  beam  coupling  but-  not  to  the  ELI  beam. 
There  are  several  variations  of  each  type  of  processor  depending 
upon  the  type  prefilter  selected  to  eliminate  multipath  effects, 
and  each  prefilter  can  be  used  in  conjunction  with  both  types  of 
processors.  There  prefilter  types  are: 

o  Tracking  prefilter  to  permit  navigation  in  multipath  en¬ 
vironments  such  as  STOL  ports  and  tactical  military 
applications 

o  Sector  prefilter  to  permit  navigation  at  wide  as  well  as 
centerline  approach  angles  at  a  primary  airport  with  large 
multipath  obstacles 

o  Wideband/narrowband  prefilter  to  permit  centerline 
approaches  as  provided  by  ILS  today 

The  prefilter  itself  is  a  separate  module  in  the  processor  unit  and 
therefore  each  airborne  set  can  update  the  capability  of  a  given 
processor  by  replacing  the  prefilter  module.  The  following  pre¬ 
filter  processor  combinations  were  selected  for  each  uncr  category. 

o  The  TRACKING  PREFILTER/MULT I SCAN  PROCESSOR  is  chosen  for 
STOL  and  tactical  military  aircraft  to  support  manual  operations 
and  coupled  approaches  in  AZ  at  all  facilities.  ELI  coupled 
approaches  can  be  accommodated  at  STOL  port  and  tactical  airfields 
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but  are  not  applicable  to  the  configuration  K  airports.  The  multi¬ 
scan  processor  chosen  for  this  user  is  a  digital  type  to  permit  a 
wide  range  of  angle  outputs  and  to  interface  with  R-NAV  systems. 

o  The  TRACKING  PREFILTER/UNI SCAN  PROCESSOR  is  chosen  for 
STOL  and  tactical  military  aircraft  to  support  ELI  coupled  approaches 
at  all  airfields 

o  The  SECTOR  PREFILTER/UNISCAN  PROCESSOR  is  selected  for  CTOL 
(civil  and  military)  and  carrier  based  aircraft  to  support  wide 
angle  navigation  and  coupled  approaches 

o  The  WIDEBAND-NARROWBAND  PREFILTER/MULT I SCAN  PROCESSOR  is 
selected  for  the  general  aviation  user  to  support  centerline 
approaches.  The  multiscan  processor  for  this  user  is  selected  as 
an  analog  type  for  low  cost  Dotential. 

The  basic  types  of  prefilter/processors  described  above  will  be 
demonstrated  in  the  feasibility  program  where  a  complete  cost/ 
performance  tradeoff  analysis  will  be  performed.  As  a  result,  the 
specific  processor  types  will  be  used  for  prototype  development. 
However,  all  the  prefilter/processor  combinations  are  designed  as 
modular  components  such  that  a  specific  user  can  select  the  unit  to 
satisfy  specific  intended  requirements. 

D.  SIGNAL  FORMAT 

The  signal  format  is  configured  within  the  TDM  concept  to  be  rigid 
for  some  parameters  and  flexible  for  others  to  satisfy  the  needs 
of  all  users.  The  signal  format  parameters  are  shown  in  figures 
12-15  and  12-16  to  indicate  both  these  features  as  applied  to  the 
ground  and  airborne  equipment.  The  rigid  parameters  in  the  signal 
format  are  identical  at  each  facility  and  include: 

o  Channel  stability 

o  Angle  code  fixed  for  each  MLS  function  (AZ,  ELI,  etc.) 

o  Function  ident  transmitted  before  and  during  each  multiscan 

o  Function  times  fixed  for  each  MLS  function  (AZ,  ELI,  etc.) 


12-45 


Figure  12-15.  Ground  Equipment  Compatibility 
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o  Planar  coordinates  for  all  functions  except  an  ELI  conical 
o  Auxiliary  data  format 

The  flexible  parameters  are  intended  to  permit  the  selection  of  a 
ground  configuration  to  provide  service  to  all  intended  users. 

These  parameters  include  as  ground  based  options: 

o  Antenna  aperture  selected  for  multipath  rejection  capability 
is  accommodated  by  corresponding  scan  time  selection 

o  Data  rate  selected  to  permit  a  specified  noise  allowance 

with  constraint  that  maximum  data  rate  at  a  configuration  K 
facility  is  7  Hz  for  AZ  and  BC  AZ. 

o  Unused  time  slot  in  all  configurations  for  growth  capability 

o  Unused  "bits"  in  auxiliary  data  format  for  growth  capability 

In  the  aircraft,  the  processor  has  the  capability  of  operating  with 
all  the  signal  format  parameters  without  requiring  any  adjustments. 
For  example,  the  prefilter  bandwidth  was  specified  to  include  the 
smallest  antenna  beamwidth  and  corresponding  smallest  scan  time. 

E.  COMPATIBILITY  WITH  AFCS  AND  INSTRUMENT  INTERFACES 

One  of  the  first  markets  for  MLS  avionics  will  probably  be  retrofit 
application  where  aircraft  instrument  and  AFCS  interfaces  have  been 
designed  around  existing  sensors  such  as  IL5  and  radio  altimeters. 
Based  on  studies  of  conventional  CTOL  applications,  Sperry  concluded 
that  there  are  no  modifications  required  to  either  flight  directors 
or  automatic  flight  control  systems  in  order  to  work  satisfactorily 
with  Microwave  Landing  System  equipment.  This  conclusion  has  been 
reached  based  upon  the  assumption  that  the  following  features  will 
be  incorporated  in  the  MLS  design: 

1.  MLS  outputs  for  both  glideslope  and  localizer  should  be 
of  the  same  scale  factors  as  provided  by  current  ILS  equipment.  The 
form  factor  should  be  a  plus  or  minus  DC  current  and  should  provide 
proportional  guidance  signals  in  the  range  of  at  least  ±2.5°  of 
localizer  and  ±.7°  of  G/S  with  a  2.75°  nominal  glideslope  beam. 
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2.  The  receiver  output  may  provide  the  equivalent  to  a  first 
order  lag  filter.  The  time  constant  of  this  filter,  however, 
should  not  exceed  0.1  second.  This  requirement  is  based  on  pro¬ 
viding  satisfactory  performance  with  guidance  couplers  designed  to 
operate  with  the  existing  time  constants  in  receivers  built  to  meet 
ARINC  547  and  578  characteristic  specifications.  In  addition,  the 
receiver  output  impedance  should  be  approximately  the  same  as  in 
existing  receivers. 

3.  Output  signal  rate  limiters  must  be  provided  within  the 
receiver  to  assure  acceptable  levels  of  control  system  activity  in 
the  presence  of  currently  defined  noise  levels.  The  rate  limits, 
whose  magnitudes  will  require  further  investigation  to  define, 
should  vary  as  a  function  of  range  to  provide  a  decreasing  rate 
limit  as  range  increases.  In  addition,  consideration  should  be 
given  to  enable  a  scale  factor  change  in  the  rate  limit  as  a  function 
of  receiving  a  logic  level  signal  {either  28  vdc  or  ground)  from  the 
flight  control  equipment.  This  feature  may  be  required  to  provide 
separate  capture  and  track  rate  limits  for  autopilots. 

4.  Annunication  of  the  selected  glideslope  angle  can  be  pro¬ 
vided  as  part  of  the  tuning  head  assembly  or  controller  if  this 
component  is  mounted  in  a  prominent  location.  If  the  tuning  head 

is  to  be  located  in  the  pedestal,  consideration  should  be  given  to 
a  separate  form  of  glideslope  angle  annunciation  located  in  a  more 
prominent  place.  Individual  airline  operators  will  probably  dictate 
tne  actual  It  ation  such  as  glare  shield,  panel,  overhead,  etc. 

A  typical  interface  for  both  new  and  retrofit  AFCS  installations  is 
shown  in  figure  12-17.  The  basic  receiver/decoder  outputs  are 
shown  at  left.  The  altitude  computation  shown  using  EL-1  and  DME 
is  necessary  for  decision  height  computations  and  for  course 
softening  in  retrofit  systems  where  the  radio  altimeter  has  been 
removed.  DME  information  feeding  both  axes  of  the  autopilot  would 
be  used  in  new  autopilot  designs  which  utilize  DME  course  softening 
in  lieu  of  altitude  gain  programming.  The  altitude  computation  shown, 
using  elevation  2  and  DME,  is  for  the  flare  computation. 


Figure  12-17.  Typical  MS/AFCS  Interface 
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Sperry  also  prepared  a  preliminary  set  of  output  signal  level/ 
gradient  specifications  for  an  MLS  receiver  based  on  the  current 
AR1NC  characteristics  as  pertains  to  IL3/Navigation  outputs.  These 
will  be  utilized  as  guidelines  where  appropriate  in  preparation  of 
feasibility  and  prototype  specifications. 

F.  MLS  SIGNAL  QUALITY 

As  detailed  in  Section  1.1.1.2A,  MLS  signal  quality  parameters  - 
bias  accuracy,  noise,  data  rate,  granularity,  and  interruptions 
were  assessed  to  assure  compatibility  with  all  aspects  of  flight 
operations.  Among  the  most  significant  d  terminant.s  of  signal 
quality  requirements  was  suitability  to  automatic  fliyht  control 
systems.  Suitability  was  assessed  based  on  touchdown  dispersions 
for  Cat.  Ill  operation  and  spurious  control  system  activity  during 
final  approach.  As  a  result  of  simulations  and  analyses,  a  com¬ 
plete  set  of  requirements  was  formulated  for  K  CTOL  and  K  STOL 
configurations.  These  results  were  extrapolated  to  a  number  of 
other  configurations  under  the  assumption  that  aircraft  with  K  type 
receivers  and  AFCS  should  perform  satisfactorily  at  all  facilities, 
limited  only  by  the  operational  capability  of  the  facility. 

The  effects  of  multipath  on  AFCS  performance  were  also  assessed, 
based  on  typical  multipath  "signatures"  predicted  by  an  extensive 
multipath  modeling  effort.  The  conclusion  was  that  with  nominal 
receiver  output  processing,  multipath  effects  during  approach  should 
be  quite  tolerable.  Multipath  levels  were  in  turn  determined  by 
proper  selection  of  the  doppler  beamwidths  for  the  various  facili¬ 
ties  (see  Section  1.1. 1.2). 

The  simulations  conducted  at  Sperry  on  AFCS  compatibility  were 
restricted  to  a  typical  CTOL  and  a  possible  STOL  AFCS  implementation. 
These  studies  will  be  expended  in  Phase  IT  to  include  VTOL  high 
performance  military  aircraft,  and  carrier  based  aircraft. 

G.  MISSED  APPROACH  ELEVATION  GUIDANCE 

The  transitions  which  take  place  in  the  case  of  a  missed  approach 
involve  changing  the  rate  of  descent  to  zero  or  climb  and  selecting 
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a  heading  on  which  to  go  around.  In  currently  certified  aircraft, 
the  highly  recommended  pitch  go-around  technique  is  the  use  of  a 
speed  command/auto-throttle  system  to  provide  the  pitch  command  and 
thrust  change.  A  major  problem  in  any  automatic  go  around  system 
is  that  it  is  difficult  to  arrive  at  a  fixed  path  in  space  and 
guarantee  that  for  every  aircraft  configuration,  e.g.,  velocity, 
flap  setting,  center  of  gravity,  gross  weight;  a  stall  situation 
will  not  exist.  A  speed  command  system  computes  a  flight  trajectory 
to  provide  a  constant  stall  margin  for  a  given  aircraft  configura¬ 
tion,  but  in  so  doing,  produces  different  flight  paths  in  '■pace. 

For  the  foregoing  reasons,  it  is  recommended  that  any  attempt  to 
fly  a  fixed  MLS  elevation  angle  for  a  missed  approach  to  be  made 
only  through  a  speed  command  system. 

A  second  method  used  for  pitch  axis  go-around  is  to  command  fixed 
pitch  attitude  consi:  nt  with  safe  stall  margin.  A  fixed  pitch 
attitude  is  safer  than  an  inertial  path  in  space  since  an  aircraft 
may  fly  a  variety  of  paths  in  space  for  a  particular  pitch  altitude 
depending  on  gross  weight,  e.g.,  etc.  In  either  case,  the  aircraft 
does  not  fly  to  a  vertical  course  because  an  adequate  stall  margin 
could  not  be  guaranteed. 

For  these  reasons  it  was  recommended  by  Sparry  that  flying  to  a 
specific  path  in  rcsoe  only  be  considered  when  and  if  a  relatively 
sophisticated  speed  command  system,  associated  with  energy  manage¬ 
ment  of  tha  total  aircraft  is  available.  We  therefore  are  treating 
vertical  guidance  during  missed  approach  and  departure  as  a  possible 
future  growth  item. 

H.  Co'IRSE  DESENSITIZATION 

A  significant  comDa  Ability  issue  was  encountered  relative  to  the 
me  od  to  be  used  to  compensate  lateral  guidance  sensitivity  tor 
dilfe.-.ent  runway  lengths. 

Nominally,  the  lateral  course  width  at  runway  threshold  should  be 
sopr  imately  700  feet  wide  to  provide  good  control  to  the  beam 
without  overser.sitivity  to  random  noire  in  the  system. 
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In  ILS  this  adjustment  is  performed  in  the  localizer  and  affects 
sensitivity  of  the  outputs  both  to  the  AFCP  and  to  the  indicators. 
In  MLS  with  nominally  uniform  angular  coding  at  all  stations,  the 
sensitivity  of  the  signal  at  threshold  is  different  for  different 
runway  lengths,  as  illustrated  in  figure  12-18. 

The  course  width  adjustment  can  be  made  either  (1)  in  the  aircraft 
or  (2)  by  adjusting  the  coding  in  space.  If  the  latter  is  done, 
it  relieves  the  low  cost  D  airborne  receiver  of  a  function,  but  the 
proportional  receiver  must  still  recognize  the  coding  adjustment 
factor  and  compensate  for  it.  In  addition,  at  a  short  runway,  the 
beam  is  desensitized  at  long  ranges  for  all  users.  In  addition, 
the  angular  granularity  of  the  D  receiver  output  now  comes  into 
question  because  o£  the  expanded  spatial  coding  at  short  runways. 

Two  methods  were  investigated  for  adjusting  the  coursewidth  in  the 
receiver : 


1.  Continuous  linear  course  softening  can  be  used  as  a 
function  of  range.  This  will  be  applicable  to  new  MLS  oriented 
autopilots.  However,  some  autopilots  do  not  have  that  function 
today,  and  the  rest  utilize  an  altitude  input  for  course  softening. 
Tnis  also  requires  LME  as  part  of  the  airborne  equipment,  which 
might  net  otherwise  be  required  for  some  low-level  users. 

2.  Utilization  of  a  discrete  coursewidth  adjustment 
applicable  to  each  runway.  This  might  be  provided  on  an  approach 
plate  but  this  is  not  considered  of  sufficient  integrity  in  the 
overall  system.  Instea1 ,  the  coursewidth  adjustment  can  be  made 
automatically  in  the  receiver  by  decoding  the  most  significant 
bits  of  the  runway  length  as  transmitted  on  the  auxiliary  data. 

It  is  believed  that  this  can  be  implemented  rather  simply  in  all 
receivers. 

The  second  of  these  methods  was  chosen  as  a  baseline.  However, 
continuous  course  softening  will  continue  to  be  available  for  new 
avionics . 
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Figure  12-18.  Lateral  Course  Width  Comparison 
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I.  MINIMUM  GLIDESLOPE  ANGLE 

An  issue  arises  in  connection  with  the  possibility  that  a  receiver 
may  be  set  to  a  glideslope  that  is  incompatible  with  the  minimum 
safe  approach  to  a  given  runway.  This  might  occur  for  a  receiver 
with  selectable  glidescopes  where  an  inappropriate  selection  is 
made,  or  for  a  fixed  glideslope  receiver  being  used  at  a  runway  with 
a  relatively  high  minimum  glideslope  due  to  terrain  or  siting  problems. 
Possible  solutions  are: 

o  Limit  the  minimum  glideslopes  in  all  receivers  to  the  worst 
case  airport 

o  Radiate  an  obstacle  warning  signal  at  angles  below  the  mini¬ 
mum  for  the  facility 

o  Include  cn  MLS  auxiliary  data  the  minimum  for  the  facility. 

The  first  solution  is  clearly  impractical  at  it  would  prevent  the 
use  of  the  lower  (2°  -  3°)  range  of  glideslopes  which  are  optimal 
in  many  instances. 

The  second  method  can  be  implemented  by  changing  the  coding  in  space 
below  the  minimum  glideslope.  However,  the  obstacle  warning  signal 
must  not  disturb  the  coding  in  the  adjacent  useable  angles.  It  is 
difficult  to  provide  this  coding  within  a  small  fraction  of  a  degree 
of  the  minimum  usable  glideslope.  The  second  method  may  also  be 
implemented  by  transmitting  a  unique  auxiliary  data  message  at  angles 
below  the  minimum.  Thi3  will  be  explored  further  during  Phase  II. 

The  third  method  is  believed  to  be  the  most  straightforward  and  is 
the  baseline  approach.  All  receivers  will  decode  the  minimum 
glideslope.  A  selectable  glideslope  receiver  will  not  provide 
valid  signals  if  set  below  the  decoded  glideslope.  A  "fixed"  glide- 
slope  receiver  will  actually  have  a  small  range  of  adjustment  in 
the  discriminator  characteristics  which  will  be  automatically  biased 
upwards  to  the  minimum  angle.  If  the  minimum  angle  is  above  the 
adjustment  range,  the  receiver  will  not  provide  guidance  outputs. 
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J.  DECISION  HEIGHT  IMPLEMENTATION 

In  the  ILS,  marker  beacons  are  used  to  intersect  the  glidepath  at 
specified  decision  heights  above  the  runway.  The  aircraft  then 
receives  an  aural  and  visual  indication  for  each  decision  height 
provided  the  aircraft  is  on  the  glidepath.  In  addition,  the 
marker  beacon  system  is  qualified  to  provide  decision  height  infor¬ 
mation  to  Cat.  II  weather  minimums  in  a  low  cost  manner.  Since  the 
MLS  permits  glidepaths  ranging  from  2  degrees  to  15  degrees,  the 
range  from  GPIP  for  a  specified  decision  height  is  different  for 
each  glidepath.  In  addition,  the  decision  height  computation 
places  one  of  the  constraints  on  ELI  and  DME  accuracies.  In  order 
to  resolve  th'c  incompatibility  we  propose  to  retain  the  marker 
beacon  system  as  a  temporary  system,  with  eventual  phase  over  to 
an  all  MLS  system  as  marker  beacon  maintenance  and  land  acquisition 
costs  increase. 

’"he  MLS  only  system  is  based  on  DME  and  ELI  guidance  but  is  slightly 
different  for  each  user  class. 

o  A  V/STOL  aircraft  requires  DME,  ELI,  and  siting  data  (range 
from  DME  to  ELI)  to  accuractely  compute  its  decision  height  at  all 
facilities . 

o  F  CTOL  aircraft  using  fixed  descent  angles  below  6  degrees 

a!  a  1 1  ".Ou  runways,  this  feature  can  be  derived  from  the  DME  func¬ 
tion  alone, 

o  lor  the  low  cost  general  aviation  type  user,  we  configured 
a  low  cost  DME  approach  to  obtain  decision  height  information.  The 
technique  uses,  a  low  power  (under  five  watts  peak  power)  DME 
transmitter  with  fixed  range  gates  in  the  DME  processor  (as  opposed 
to  range  and  range  rate  tracking)  and  low  speed  processing  tech¬ 
niques.  The  low  power  DME  transmitter  will  operate  from  7  nmi 
(outer  marker  maximum  range)  to  threshold  and  the  decision  heights 
will  be  based  on  the  DME  readout  with  slight  modification  due  to 
minimum  glideslope  angles  if  greater  than  three  degrees. 
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1.1. 3. 4  AIR  TRAFFIC  CONTROL  AND  NAVIGATION  SYSTEM  INTERFACE 

The  interfaces  between  the  MLS  system  and  existing/planned  ATC  and 
navigation  systems  were  treated  from  the  viewpoint  of  compatibility 
on  the  operational,  functional  and  physical  levels. 

o  The  functional  services  and  performance  levels  of  the  MLS 
were  evaluated  as  to  its  ability  to  provide  guidance  for 
present  and  future  ATC  operations. 

o  The  ability  of  MLS  to  interface  with  modern  airborne  navi¬ 
gation  equipments  was  reviewed  to  identify  whether  these 
equipments  can  make  use  of  MLS  guidance  data. 

o  The  problem  of  coexistence  with  MLS  of  existing  ATC  and 

navigation  equipment  on  the  airport  property  was  evaluated. 

It  is  concluded  that  no  incompatibility  has  been  identified  that 
would  seriously  inhibit  the  ATC  function  from  delivering  aircraft 
at  the  maximum  runway  acceptance  rate.  Also,  several  opportunities 
wore  pointed  out  for  further  exploration  to  utilize  onboard  RNAV 
and  other  radio  navigation  systems  for  generating  complex  flight 
paths  in  the  terminal  area. 

A.  COMPATIBILITY  WITH  ATC  NEEDS  AND  OPERATIONS 

Compatibility  with  ATC  operations  was  treated  from  the  viewpoints 
of  interference  effects,  accuracy,  coverage,  data  transmissions 
and  display  requirements. 

1.  Multipath  and  Shadowing 

The  airport  environment  contains  numerous  fixed  and  moving  objects 
which  can  block  and  reflect  the  MLS  signal.  This  provides  a  limi¬ 
tation  to  ATC  capability  if: 

o  Significant  regions  of  space  are  permanently  shadowed  and 
are  unusable  for  MLS  guidance 

o  Reflections  and  shadowing  by  one  aircraft  effect  the  signal 
received  by  another  so  as  to  limit  the  freedom  of  ATC  to 
route  aircraft  or  limit  the  acceptance  rate  at  the  runway. 
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A  detailed  study  of  multipath  and  shadowing  was  performed  to  assess 
the  potential  effects  on  the  quality  of  signal  that  will  be  re¬ 
ceived  by  aircraft  under  these  conditions.  This  study  is  reported 
in  Section  i.l.l.i.E.  The  general  conclusions  were: 

o  Buildings  on  or  near  the  airport  property  block  MLS  coverage 
in  narrow,  low-lying  sectors  of  space.  The  blockage  cannot 
be  avoided  but  generally  lies  lower  than  a  typical  flight 
path 

o  Shadowing  of  one  aircraft  by  another  (overflying  AZ  or  on 

the  runway  near  AZ)  creates  a  drop  in  received  signa) .  During 
AZ  overflight,  it  may  last  one  second,  and  will  have  little 
effect  on  the  operation 

o  Diffraction  effects,  separate  from  shadowing  and  reflections 
appear  to  be  small 

o  Reflection  is  the  principal  cause  of  multipath  signals.  The 
strongest  reflectors  are: 

the  metal  doors  of  a  large  hangar 

the  tail  fin  of  a  large  aircraft,  the  reflection 
being  much  reduced  by  the  convex  curvature  of  the 
face 

Several  features  within  the  proposed  doppler  technique  were  also 
identified  that  would  further  reduce  multipath  effects.  A  "coast" 
feature  in  the  receiver  overcomes  momentary  blockages. 

It  is  concluded  chat  with  the  exception  of  those  regions  of  space 
where  large  structures  block  the  radiation  from  the  MLS  transmitters, 
there  will  not  be  significant  limitations  on  the  freedom  of  ATC 
rout  ing . 

2.  Metering  and  Spacing  Systems 

During  the  functional  requirements  study  reported  in  Section 
1.1.L.2A,  the  ability  of  MLS  to  provide  guidance  for  ATC  metering 
and  spacing  (MSS)  was  assessed.  Sperry  Flight  Systems,  who  is 
active  in  evaluating  M&S  concepts,  provided  consultation  in  this 
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area.  The  principal  problems  associated  with  completely  fulfilling 
this  function  were  in  coverage.  The  ARTS-III  M&S  concept  calls  for 
several  path  stretching  areas  located  anywhere  in  azimuth  with 
respect  to  the  runway.  Furthermore,  the  initial  feeder  fixes  which 
provide  entry  into  the  M&S  area  are  located  between  30  and  40  miles 
from  the  runway.  It  './as  concluded  that  an  MLS  with  azimuth  coverage 
of  +60°  would  not  provide  guidance  for  the  entire  M&S  layout. 
However,  the  final  downwind  leg  and  turn  to  final  approach  would  be 
within  MLS  coverage.  It  wes  also  shown  that  the  MLS  positioning 
accuracy  will  be  sufficient  so  that  it  will  contribute  negligible 
error  to  the  time  of  arrival  at  the  approach  gate.  VOR/DME  accuracy 
is  expected  to  be  adequate  elsewhere  in  the  M&S  volume. 

The  ARTS-III  M&S  system  is  an  evolutionary  system  which  operates 
under  direct  control  of  ATC.  Future  revolutionary  M&S  systems 
were  also  considered  in  which  the  aircraft  is  assigned  a  time  of 
arrival  at  threshold  and  controls  its  own  flight  path  and/or 
speed  to  make  good  the  assigned  arrival  time.  To  insure  compati¬ 
bility  with  such  a  system,  time-of-day  has  been  added  on  the  MLS 
auxiliary  data  format  so  that  each  aircraft's  clock  will  be  auto¬ 
matically  synchronized  with  airport  time. 

3.  Micronavigation  System 

As  a  result  of  the  above  (and  other)  considerations  of  limited  MLS 
coverage,  it  was  realized  that  the  MLS  services  should  be  separated 
conceptually  into  those  serving  the  final  approach/landing  function 
and  those  serving  a  terminal  Area  Navigation  function.  The  terminal 
area  navigation  need  was  seen  as  eventually  growing  to  require 
services  throughout  360°  in  azimuth.  A  system  growth  requirement 
for  MLS  was  postulated  to  fulfill  this  need. 

Such  a  system  was  envisioned  as  a  VORTAC-like  "Micronavigation" 
system  of  extremely  high  precision  utilizing  the  same  doppler  signal 
format,  compatible  with  MLS  receivers.  A  360°  AZ  navigation  system 
referenced  to  magnetic  north  would  transmit  on  one  channel  and  a 
landing  system  would  transmit  on  another  channel.  Only  one  of  the 
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micronavigation  systems  would  be  needed  per  airport  and  would  be 
sited  in  an  elevated  location  to  avoid  most  of  the  building  blockage 
problems  mentioned  above.  The  interface  with  the  enroute  system 
would  then  be  at  the  perimeter  of  the  terminal  area.  A  future 
integrated  navigation  system  for  4th  generation  ATC  might  consist  of  a 
satellite  system  for  enroute  use  interfacing  with  a  single-format 
terminal  area  navigation  and  landing  system.  We  intend  to  investi¬ 
gate  the  potential  utility  of  this  growth  feature  during  the  next 
phases  of  the  MLS  program. 

4.  Parallel  Runway  Operations 

It  is  planned  to  install  closely  spaced  (2500  ft)  parallel  runways 
at  high-der.sity  airports  to  make  more  efficient  use  of  airport 
oroperty.  Lateral  path-following  during  final  approach  must  be 
very  precise  in  order  to  maintain  safe  separations  between  traffic 
to  and  from  adjacent  runways.  An  accuracy  analysis  made  during  the 
functional  requirements  study  showed  that  for  a  K  configuration  the 
azimuth  accuracy  is  sufficient  to  produce  only  7%  of  the  allowable 
positional  variance,  and  therefore  was  judged  acceptable. 

5.  Noise  Abatement  Procedures 

Both  two-step  glidepaths  and  curved  approaches  for  noise  abatement 
were  also  considered  in  the  functional  requirements  review.  It  was 
concluded  that  MLS  will  be  capable  of  supporting  both  types  of 
approaches  from  the  viewpoint  of  accuracy  and  coverage  requirements. 
Sone  curved  approaches,  however,  apparently  are  a  very  close  fit 
inside  of  +60  azimuth  MLS  coverage.  These  are  the  type  of  curves 
that  terminate  right  at  threshold.  One  example  is  the  "Carnarsie 
approach"  to  JFK  which  is  flown  in  visual  conditions  using  approach 
lights.  Some  doubt  was  raised,  however,  if  curved-path  flying  will 
terminate  so  close  to  threshold  in  Cat.  II  or  Cat.  Ill  weather. 

6.  Display  Requirements 

It  has  been  pointed  out  by  our  consultants  that  there  are  some 
very  unique  display  requirements  associated  with  some  of  the 
maneuvers  associated  with  future  terminal  ATC.  These  have  to  do 
with  utilizing  MLS  in  an  "area  nav"  mode  and  in  curved  path  flying. 
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In  the  former  case,  there  is  a  definite  need  for  a  similar  display 
of  information  to  the  pilot  and  controller  to  ease  communications 
problems.  This  is  visualized  as  a  graphic  display  (e.g.,  EADI)  of 
position,  desired  route  and  predicted  flight  path.  In  the  case  of 
curved  path  flying,  we  are  advised  that  at  present  there  is  no 
effective  means  of  assessing  adherence  to  the  programmed  flight  path. 
This  is  in  contrast  to  normal  area  nav  or  other  course-following 
techniques  where  identifiable  vertical  and  lateral  deviation  are 
meaningful.  It  is  believed  that  a  pictorial  display  is  one  potential 
answer  to  this  requirement  also.  Recommendations  will  be  formulated 
in  Phase  II  for  display  techniques  to  demonstrate  curved  path  flying 
during  the  Prototype  phases. 

B.  COMPATIBILITY  WITH  AIRBORNE  NAVIGATION  SYSTEMS 
1.  RNAV  Compatibility 

During  the  time  frame  for  the  implementation  of  MLS,  it  is  likely 
that  area  navigation  (RNAV)  techniques  will  be  gaining  wide 
acceptance.  RNAV  equipment  in  the  high  and  intermediate  user  con¬ 
figuration  will  have  the  capability  of  performing  the  computations 
required  for  the  more  sophisticated  approach  paths.  The  develop¬ 
ment  of  offset  glideslopes  for  2-step  approaches  is  considered  to 
be  within  the  province  of  the  area  navigation  computer  and  display. 
Advantages  include: 

o  The  ability  to  automatically  transition  from  enroute  navi¬ 
gation  to  terminal  area  navigation  to  final  approach,  all 
within  a  pre-programmed  route  description 

o  The  utilization  of  complementary  filtering  to  smooth  high- 
frequency  noise  on  an  MLS  beam  or  DME  output 

o  Common  planar-angle  and  range  format  as  used  for  VORTAC 

The  MLS  receiver  should  be  capable  of  supplying  the  range  and  angular 
signals  to  the  RNAV  in  a  serial  digital  format  similar  to  that 
specified  in  ARINC  characteristics  568  (DME)  and  579  (VOR) .  Sperry 
has  prepared  a  short  preliminary  summary  of  the  required  output 
signals,  signal  levels  and  gradients  as  envisioned  for  an  MLS 
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receiver  where  operating  with  an  RNAV  system.  This  is  presented  in 
Appendix  B.  Hazeltine  will  use  these  as  a  guideline  for  Prototype 
specifications . 

2.  Compatibility  with  Other  Airborne  Navigation  Systems 

In  a  manner  similar  to  RNAV  above,  a  new  and  sophisticated  set  of 
airborne  Loran  navigation  equipments  is  being  developed  and  will 
probably  be  in  use  when  MLS  is  operationally  available.  These 
equipments  will  contain  sophisticated  computer  capability  which 
should  be  highly  adaptable  to  the  computations  required  for  MLS- 
based  navigation  and  guidance.  Hazeltine  plans  to  investigate  in 
Phase  II  the  practicality  of  utilizing  a  Loran-type  avionics  to 
generate  MLS-derived  flight  paths  during  the  Prototype  test  and 
evaluation  phase. 

C.  PHYSICAL  COMPATIBILITY  WITH  AIRPORT  ATC  AND  NAVIGATION 

TRANSMITTERS 

The  issue  of  electromagnetic  capability  with  ground-based  radiators 
in  the  airport  was  addressed  in  the  design  of  the  Doppler  MLS 
receiver  decoder. 

The  selection  of  the  local  oscillator  frequencies  and  IF  frequencies 
are  based  on  obtaining  a  high  degree  of  integrity  for  the  MLS  when 
operating  in  a  dense  signal  environment.  A  high  fir3t  IF  was 
selected  to  simply  preclude  the  effects  of  level  dependent  spurious 
signals  such  as  the  2x2  and  3x3  responses  from  effecting  the 
system  integrity.  Image  rejection  of  greater  than  85  dB  is  obtained 
in  both  C  and  Ku  bands. 

The  3x3  response  has  greater  rejection  than  the  2x2  response  so 
the  2x2  response  is  the  more  critical  and  given  here.  In  C  band,, 
the  2x2  rejection  is  105  dB  and  in  Ku  band  it  is  67  dB.  These 
levels  consider  the  signal  to  be  a  CW  signal  and  their  effect  wij.1 
be  to  give  a  false  tone.  The  tone  interference  was  chosen  since 
it  is  the  most  sensitive  channel  in  the  receiver-decoder.  Pulse 
signals  at  the  2x2  frequencies  have  greater  rejection  since  the 
spectrum  will  be  broader  than  the  tone  filter  width  and  less  energy 
will  be  transmitted  in  the  tone  filter  bandwidth.  In  Ku  band  the 
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2x2  rejection  can  be  increased  to  75  dB  with  an  increase  in  LO 
powei  jut  67  dB  should  be  sufficient.  The  67  dB  rejection  requires 
a  cw  2.5  mW  ERP  at  10  nmi  to  have  a  signal  equal  to  the  tone  level. 
A  pulse  type  signal  would  nominally  be  at  the  tone  noise  level  due 
to  spectrum  spreading  in  the  narrow  filter  used  in  the  tone  channel. 

A  7-pole  preselector  and  5-pole  preselector  is  used,  respectively, 
in  C  and  Ku  bands  to  reduce  the  near  band  signals  from  saturating 
the  front  ends.  In  C-band  a  limiter  is  included  prior  to  the 
mixer  to  prevent  mixer  burnout  due  to  high  level  signals  that  may 
occur  from  on-board  equipment  or  tracking  radars. 

A  limiter  is  not  used  in  Ku  band  since  known  levels  will  not  cause 
burn-out  of  the  mixer.  A  limiter  can  be  included  if  desired  with 
a  nominal  insertion  loss  of  2.0  dB.  The  peak  power  rating  is  100 
watts  for  both  bands  and  recovery  time  is  about  20  ns.  The  2  dB 
insertion  can  be  made  up  by  an  additional  2  dB  in  transmitter  power. 
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1.1.4  SYSTEM  PERFORMANCE  SUMMARY 

This  section  summarizes  the  results  of  the  studies  of  Operational 
and  Functional  Requirements  conducted  during  TACD.  The  results 
are  organized  as  follows: 

Section  1.1. 4.1  Operational  Requirements 

Section  1.1. 4. 2  Functional  Requirements 

A.  Functional  Services 

B.  Signal  Quality  Performance 

C.  Coverage  Performance 

D.  Auxiliary  Data  Requirements 

E.  Coordinate  Geometry 

The  results  are  presented  in  chart  form.  In  each  case  a  full 
description  of  the  study  performed  and  further  explanation  of  the 
material  is  included  in  a  subsection  of  Section  1.1. 1.2. A. 

Further  revisions  and  refinements  of  these  results  are  expected 
during  the  following  phases  of  the  MLS  program. 

1. 1.4.1  UPDATED  CIVIL/MILITARY  OPERATIONAL  REQUIREMENTS 

Tables  13-1,  13-2,  and  13-3  summarizes  the  requirements  for  civil 
and  military  users.  The  relationships  between  users,  airports, 
user  requirements  and  airport  requirements  are  indicated. 

Aircraft  types  chosen  are  representative  but  not  all  inclusive. 
Airport  definitions  were  adapted  from  existing  definitions.  The 
LHA  designation  was  included  for  further  study  at  a  later  date. 

The  operational  requirements  were  used  to  define  functional  services 
and  performance  level  which  are  summarized  in  the  following  section. 

1 . 1 . 4 . 2  FUNCTIONAL  REQUIREMENTS  SUMMARY 

This  section  tabulates  the  MLS  functional  requirements  for  both 
civil  and  military  users,  as  updated  during  TACD.  The  section 
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covers  functional,  services  ,  signal  quality,  coverage,  auxiliary 
data  and  coordinate  geometry. 

A.  FUNCTIONAL  SERVICES 

Tables  13.4  and  13.5  summarize  the  services  that.  MLS,  in  conjunction 
with  other  user,  equipment,  will  provide  to  user  types  at  each  air¬ 
port.  in  addition  to  angular  and  range  guidance  services,  the 
system  provides: 

o  aui'c  1  and  displayable  identification 

c  obstacle  warning  indications  via  minimum  safe  ulideslope 
transmitted  on  auxiliary  data 

o  airborne  and  ground  based  malfunction  indications 

o  facility  status  data 

Services  for  special  users  includes  fiightpath  monitoring  for 
carrier  landing  systems. 

All  services  are  fully  defined  in  Section  1.1. 1.2. A. 

B.  SIGNAL  QUALITY  PERFORMANCE 

Table  13.6  sumrnar izes  the  required  signal  qualities  for  civil  and 
military  systems.  The  following  parameters  are  given. 

1.  Bias,  or  long  term  errors  associated  with  drifts  and  align¬ 
ment  errors. 

2.  Noise,  or  rapidly  fluctuating  random  errors  in  angle 
measurements.  These  are  caused  by  transmitter  and  receiver 
effects,  thermal  noise  and  very  small  contributions  from  many 
multipath  sources.  Large  contributions  from  a  single  source  of  multi 
path  causing  highly  sinusoidal  inputs  to  the  flight  control  system  of 
amplitude  comparable  to  the  noise  specification  are  not  comparable. 

3.  Data  Rate  which  is  set  along  with  noise  to  produce  accept¬ 
able  AFCS  behavior. 

4.  Granularity,  which  is  described  by  discrete  discontinuities 
in  the  receiver  response  in  the  absence  of  noise  to  changing  angle, 
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Notes  to  Table  13-6 

1.  All  values  are  for  the  total  system,  including  ground  and  air¬ 
borne  equipment. 

2.  Bias-error  which  is  constant  over  more  than  20  seconds. 

3.  Noise  includes  all  spatial  and  temporal  effects. 

4.  Back  Course  quidance  at  these  facilities  has  same  accuracy 
requirements  as  front  course  guidance.  Back  course  guidance 
at  shipboard  I  configuration  is  optional. 

5.  EL-1  data  is  to  be  interpreted  as  the  angular  error  at  the 
minimum  usable  glideslope  At  a  given  height  within  the 
coverage  volume  the  angular  error  at  a  greater  elevation 

angle  shall  net  produce  a  linear  equivalent  error  which  exceeds 
that  for  the  minimum  glideslope. 

6.  Noise  specification  is  based  on  support  of  manual  approaches 
only. 

7.  Total  system  should  have  this  capability.  For  aircraft  using 
glides  lopes  6°  or  under,  the  allowable  DME  error  is  32'  1  sigma 

8.  These  accuracies  apply  at  the  centerline  of  the  runway  at  the 
u  cision  height. 

9.  Tne  combination  of  DME  and  AZ  error  at  maximum  range  should  not 
uxcecJ  0.1  nmi .  circular  error. 

10.  Assumes  course  width  adjustment  by  varying  receiver  output 
scale  factor. 
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and  is  caused  by  characteristics  of  the  signal  in  space,  the  re¬ 
ceiver  processing,  or  both.  The  granularity  specification  assumes 
operation  with  a  K  receiving  at  all  civil  facilities. 

5.  Signal  interruptions,  defined  as  maximum  tolerable  length 
of  signal  interruption  acceptable  for  continuing  the  revision. 

6.  Minimum  guidance  altitude,  the  minimumaltitude  on  the 
glideslope  for  which  the  specified  accuracy  must  be  met.  The 
accuracy  must  be  met  over  a  lateral  coverage  region  extending  either 
side  of  runway  centerline.  This  region  is  defined  in  the  coverage 
summary  below. 

C.  COVERAGE  PERFORMANCE 

Table  13-7  summarizes  the  required  angular  coverage  for  each  civil 
and  milituiy  facility.  The  following  significant  changes  were  made 
to  the  SC-117  coverage. 

1.  Maximum  glideslope  at  D  and  F  facilities  was  raised  from  6° 
to  7.5°  by  providing  udditionoi  elevation  coverage. 

2.  A  K  STOL  requirement  was  also  defined. 

3.  Coverage  estimates  for  military  facilities  were  also  included 

4.  ELI  azimuth  coverage  at  K/I  configuration  was  reduced  in 
accordance  with  our  recommendation  to  retain  barometric  altimetry 
for  guidance  off-centerline. 

Detailed  coverage  requirements  near  the  runway  for  ELI  and  EL2 
guidance  elements  are  given  in  figures  13-1  and  13-2. 

D.  AUXILIARY  DATA  REQUIREMENT 

Table  13-8  gives  the  updated  requirements  for  transmission  of 
auxialiary  data  on  the  MLS  signal  format.  New  requirements  defined 
are : 

o  Time  of  day  for  automatic  synchronization  of  all  user  air¬ 
craft  to  facilitate  future  metering  and  spacing  operations. 
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Figure  13-1.  Ei  Coverage  Near  Runway 


13-13 


jawMaawiggpsi|jgj| 1 


uxiliary  Data 


Morse  Code  Airport  I.Q. 

Fixed  Data.  — 

0  Runway  Heading 
C  Distance  EL^  to  DMT. 
Time  of  Cay 
Barometric  Setting 
Growth 


Runway  I.D. 

Mxri  Gi  ideslopt; 
Growth 


Element 


Function  Time 


Facility  Status 

Wind  Shuar 

Wind  Vector  ,  c  TD 

EL 

E*F 

Fair,  way  Co.  "if ion 
nist. .  ELj  /ED  , 

Alt  E1j/EI»2 

Growth 

EL 

E4F 

Report  10926 


o  Local  barometric  netting  to  improve  integrity  of  the  pre¬ 
sent  altimetry  system, 

o  Minimum  glidevlope  for  the  facility,  to  bo  used  in  selection 
01  modification  of  receiver  glidesiope. 

Growth  capability  is  also  provided  for  future  ATC  communications. 

L.  COORDINATE  GEOMETRY 

Ail  ladiated  guidance  signal  coordinates  shall  be  planar.  One  excep¬ 
tion  is  included  for  the  co-located  E  man- transportable  system  (USA) 
whcie  selectable  azimuth  approaches  are  desirable.  Here  elevation 
guidance  is  conical. 

E.  OTHER  TECHNICAL  PARAMETERS 

1.  Monitors  and  Flag  Alarms 

Ground-based  monitors  shall  be  provided  which  automatical  ly  detect 
and  respond  to  significant  degradation  or  loss  of  any  transmitted 
guidance  signal.  Monitor  tolerances  and  adjustability  shall  ensure 
compliance  with  system  accuracy  specifications  and  with  any  safety 
criteria  peculiar  to  each  installation.  Airborne  flag  alarm  signals 
shall  be  provided  which  respond  to  signal  losses  from  any  cause, 
to  unreliably  weak  signals,  and  to  inconsistencies  in  signal  format 
tending  to  result  in  false  data.  Separate  alarm  signals  shall  be 
available  for  azimuth,  elevation  and  distance  data.  Flag  alarm 
response  times  shall  not  exceed  one  second.  The  system  monitoring 
philosophy  is  covered  in  section  1 . 1. 1 . 1 .A (Systems  Concept  and  In¬ 
tegration) 

2.  Installation  Factors 

The  locations  of  surface  guidance  facilities  relative  to  each  other 
and  to  the  landing  zone  shall  be  sufficiently  flexible  to  avoid  con¬ 
flicts  with  existing  surface  features  such  as  taxiways  and  structures. 
Manual  adjustments  to  the  airborne  equipment  in  compensation  for 
such  variations  in  installation  geometry  shall  not  be  permissible. 
Siting  considerations  are  covered  in  Section  1.1. 3. 2. 
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3.  Co-Location  with  Existing  Facilities 

The  instrument  landing  system  provided  shall  be  designed  such  that 
its  normal  performance  characteristics  fall  within  prescribed  tole¬ 
rances  when  co-located  with  an  existing  conventional  instrument 
landing  system  or  other  such  systems.  Co-location  shall  be  inter¬ 
preted  as  being  physically  located  so  as  to  serve  the  same  runway 
with  azimuth,  elevation  and  distance  guidance,  and  with  no  degra¬ 
dation  in  performance  characteristics  of  the  existing  system. 
Co-location  is  covered  in  detail  in  section  1.1. 3.1. 

4.  Electromagnetic  Compatibility  (EMC) 

The  system  and  its  equipment  elements  shall  neither  produce  nor  be 
vulnerable  to  radio  interference  to  such  a  degree  that  standard 
electromagnetic  control  methods  would  be  ineffective.  Misleading 
indications  due  to  accido.ical  interference  shall  be  prevented. 
Positive  safeguards  against  hostile  jamming  are  desirable  options 
for  military  applications .  Initial  considerations  of  EMC  are  covered 
in  section  1.1. 3. 4.  Further  considerations  of  EMC  as  well  as  ECCM 
are  planned  for  Phase  II. 
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1.1.5  SIGNAL  FORMAT  SUMMARY 

The  signal  format  summary  is  provided  in  two  sections;  the  signal 
format  description  and  the  indication  of  growth  potential.  The 
signal  format  is  described  in  section  1.1. 5.1  and  the  indication 
of  growth  capability  is  given  in  section  1.1. 5. 2. 

1.1. 5.1  SIGNAL  FORMAT  DESCRIPTION 

A  baseline  signal  format  for  the  Doppler  Scan  technique  was  de¬ 
veloped  at  Hazeltine  based  on  the  foiraat  described  in  SC-117  and 
as  refined  by  Hazeltine  during  the  TACD  proposal,  and  the  signal 
format  studies  performed  in  Section  1.1. 1.2  Part  B  of  this  report. 
The  key  parameters  of  the  signal  format  include  the  elements  listed 
below . 

o  Channel  Plan 

o  Time  Division  Multiplex  Format 
o  Data  Rate 
r  Angle  Data  Signal 
o  Frequency  Code 
o  Auxiliary  Data  Format 
o  Scan  Cycle  Description 
o  DME 

o  Integrity  Features 

The  major  features  of  each  parameter  are  summarized  in  figures  14-1. 
The  features  with  an  asterisk  (*)  indicate  the  refinements  made  by 
Hazeltine.  A  brief  description  of  these  features  are  included  in 
this  section  for  quick  reference  to  the  Hazeltine  signal  format. 

Channel  Plan; 

The  MJ.S  frequency  channel  plan  (shown  in  figure  14-2)  is  identical 
to  the  SC-117  plan.  It  has  a  capacity  for  200  ground-to-air  angle 
data  (AZ-EL  frequencies  with  0.6  MHz  spacing)  and  a  corresponding 
200  ground-to-air  and  air-to-ground  DME  channels,  each  function  in 
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CHANNEL  PLAN 

0  200  Channel  Assignment  per  SC-117 

*°  Common  frequency  reference  for  each  facility 

*°  5  x  10  ®  ground  frequency  stability  C-band 

*e  1.5  x  10~6  ground  frequency  stability  Ku-band 
-5 

0  1.5  x  10  airborne  frequency  stability 

TIME  DIVISION  MULTIPLEX 

°  Five  angle  functions  in  K  configuration 
°  Two  angle  : unctions  in  D  configuration 
*°  Growth  time  slot 

*°  Ground  test  signal  in  growth  time  slot 

DATA  RATE 

7  Hz  for  AZ,  EL-l/L ,  ELlH ,  BCAZ  in  K 
configuration 

*°  14  Hz  for  EL2  in  K  configuration 

*°  10  Hz  for  AZ ,  EL-l/L  in  D  configuration 

*°  1  Hz  for  ground  test  signal 

*°  0.10  Hz  for  not  changing  auxiliary  data 

*°  0.2  Hz  for  changing  auxiliary  data 


Figure  14-1.  Signal  Format  Parameters  (Sheet  1  of  4) 
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ANGLE  DATA  SIGNAL 

°  Sequential  Dual  Scan 
0  Phase  cycling  in  transmitter 

Angle  sideband  subcarrier  at  100  kHz  with 
10-5  stability 

*°  Planar  coordinates  in  single  time  slot 
*°  Sidelobe  control 

First  sidelobe  in  angle  guidance  band  -16  dB 

Sidelobe  -24  dB  73  kHz  from  angle  sideband 

Sidelobe  -30  dB  310  kHz  from  angle  sideband 

FREQUENCE  CODE 

*°  Multiple  of  whole  numbers 

333.3  Hz/deg  for  AZ ,  BC  AZ 

1  kHz/deg  for  EL-l/L,  EL-l/H 

2  kHz/deg  for  EL-2 

AUXILIARY  DATA  FORMAT 

*°  Auxiliary  Data  Signal 

First  two  milliseconds  of  AZ  and  ELI  functions 
300ns  period  of  reference  carrier  only?  1.7  ms 
period  of  F.l.  +  one  bit  of  tones  E  and  F 
Tone  frequency  stability  +100  Hz 
Two  tones  used  for  Auxiliary  Data 

*°  Function  Identification 

Four  tones  -  one  each  for  AZ ,  EL-1,  EL-l/H,  EL-2 
Odd  number  of  tones 


Figure  14-1.  Signal  Format  Parameters  (Sheet  2  of  4) 
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SCAN  CYCLE 

*°  Auxiliary  Data  Format 
*°  Number  of  Scans 

16  times  the  Doppler  beamwidth  on  AZ  and 
ELI  stations 

°  Scan  Time 

Function  of  Doppler  beamwidth 

Constant  Function  Times  at  All  Facilities 

AZ  51  ms 
EL-l/L  19  ms 
EL-2  13  ms 
EL-l/H  19  ms 
BC  AZ  2]  ms 

DME 

o  Pulse  characteristics 
0.66  +0.1|j.s  Duration 
0.1  +0.02|.is  Rise  Time 
0.3  +0.1ns  -0.04ns  Fall  rime 

0  Code  Characteristics 

IOjis  Shortest  Spacing 
28>is  Longest  Spacing 
Two  Pulse  Coas  on  down  link 
Two  Pulse  Code  on  up  link 

*°  Interrogation  Rate 

40  per  sec  during  Search 

20  per  sec  during  Track 

5  per  sec  during  Test 


Figure  14-1.  Signal  Fermat  Parameters  (Sheet  3  of  4) 
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INTEGRITV  FEATURES 

*°  Function  identification  using  odd  number  of 
tones  and  transmitted  during  entire  function 
time 

*°  Ground  Test  Signal 

3  tones  same  as  AZ  ,  ELI,  EL2  +  fourth  tone 
at  99  kHz 

1  He  data  rate 

*°  1  ms  buffer  time  after  each  multiscan 

*°  Sidelobe  suppression  signal 


Figure  14-1. 


Signal  Format  Parameters  (Sheet  4  of  4) 
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3003 
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5130.0 

15,409.0 
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5003 

5068 

5130.6 

15,409.9 

5 

5003 

5068 

5132.4 

15,412.6 

6 

5003 

5068 

5190.0 

15,413.5 

7 

5003 

5068 

5190.6 

15,414.4 

10 

5003 

5068 

5192.4 

15,417.1 

i; 

5006 

5071 

5132.0 

15,418.0 

15 

5006 

5071 

5135.4 

15,421.6 

16 

5006 

507 1 

£193,0 

15,422,5 

181 

505' 

5122 

5184.0 

15,571.0 

k; 

5060 

5125 

5187 .0 

15,580.0 

195 

5060 

5125 

5189.4 

15,583.6 

196 

5060 

5125 

5247.0 

15,584.5 

20C 

5060 

5125 

5249.4 

15,588.1 

Figure  14-2.  Doppler  MLS  Frequency  Allocation  Flan 
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a  separate  portion  of  C-band.  200  Elevation  No.  2  Ku-band 
channels  are  spaced  0.9  MHz  rather  than  0,6  MHz  used  in  C-band 
This  arrangement  permits  use  of  the  same  frequency  tolerance 
and  synthesizer  for  C  and  Ku-bands,  in  the  airborne  unit. 

The  angle  data  transmission  will  use  separate  frequency 
assignments  for  each  channel.  Twenty  air-to-ground  DME  inter¬ 
rogating  frequencies  with  a  3.0  MH2  spacing  and  an  equal 
number  of  ground-to-air  reply  frequencies  will  be  used, 
each  using  10  pulse-pair  spacing  identity  codes. 

All  C-band  ground  stations  are  frequency  locked  with  a  stability 
of  5X10-6  (25  kHZ) .  The  ground  frequency  stability  at  Ku-band 
is  1.5X10-6  (22.5  kHZ) . 

Time  Division  Multiplex  (TDM)  Time  multiplexing  is  utilized  in 
the  SC-117  signal  format  and  was  retained  by  Hazeltine  after 
considering  the  possibility  of  frequency  multiplexing  and  hybrid 
formats.  In  frequency  multiplexing  scheme  or  hybrid  format 
the  angle  functions  would  be  separated  by  suhcarrier  frequency 
placement  to  permit  simultaneous  transmission  of  angle  functions. 
The  advantages  of  this  technique  are: 

o  permits  longer  smoothing  time 

o  high  data  rates  if  parallel  processors  are  used 
o  permits  best  smoothing  of  multipath 
o  high  integrity 
o  lower  peak  transmitter  power 

The  technical  disadvantages  of  the  frequency  multiplex  signal 
formate  are: 

o  Severe  spectrum  control  requirements  for  the  EL-1 
station  for  the  geometry  of  an  aircraft  near  runway 
threshold  and  attempting  to  derive  AZ  data. 

o  The  carrier  undergoes  a  differential  Doppler  shift 
in  the  receiver  due  to  the  aircraft  motion  for  the 
split  site  location  of  the  ground  stations. 

For  reason  of  difficult  spectrum  control  and  the  need  for  many 
parallel  processors,  we  chose  the  TDM  format  as  a  baseline. 
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In  this  format  different  slot  numbers  are  assigned  to  various 
Doppler  MLS  functions  depending  on  the  specific  functions  to  be 
transmitted  from  a  given  ground  configuration.  In  addition,  a 
growth  time  slot  is  maintained  in  all  configurations.  A  part 
of  the  growth  time  slot  is  however  used  at  a  1  Hz  rate  to 
transmit  a  test  signal  from  the  ground  to  permit  calibration 
in  the  aircraft. 

Data  Rate.  The  data  rates  chosen  for  the  Doppler  MLS  were 
derived  from  simulations  performed  by  Sperry  Flight  Systems. 

These  simulations  involved  recording  control  activity  as  a 
function  of  beam  noise  and  data  rate,  in  order  to  determine 
pilot  acceptability  criteria  for  the  control  activity.  In  order 
to  permit  smooth  coupling  to  the  Doppler  MLS,  several  alternative 
refinements  to  the  SC-117  data  rates  were  available.  The  7  Hz 
data  rate  for  AZ ,  EL-1,  and  BC  AZ  and  a  14  HZ  data  rate  for 
EL-2  were  chosen  as  the  best  compromise  among  all  factors. 

Angle  Data  Signal.  The  angle  guidance  ground  station  consists 
of  unitary  planar  beam  antennas  that  radiate  a  signal  offset 
from  the  reference  in  a  dual  scan  format.  The  upper  and  lower 
sideband  (fR  +  fQ)  are  radiated  alternately  in  successive  scans 
(  -dd  and  even  numbered)  and  the  simulated  moving  source  is 
bidirectional  on  alternate  scans;  moving  away  from  positive 
angles  in  odd  scans  or  toward  such  angles  in  even  scans.  The 
offset  frequency  (fQ)  is  chosen  to  be  100  kHz  such  that  a 
hirmonic  relationship  is  available  between  the  scan  time  and 
tnn  offset  frequency  in  order  to  control  the  repetition  of 
function  times  required  for  phase  cycling.  The  phase  cycling 
is  implemented  to  provide  180  degrees  of  phase  shift  during 
cnc  function  time. 
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Frequency  Code.  The  frequency  codes  have  been  chosen  so  that 
each  function  (AZ  and  EL)  utilizes  the  full  available  angle 
bandwidth  recommended  by  SC-117  for  the  maximum  required 
coverage  angle.  THis  is  40  kHz  in  azimuth  and  only  20  kHz  in 
elevation,  since  one  half  the  elevation  spectrum  represents 
negative  angles  into  the  ground  which  are  not  used.  This 
procedure  results  in  different  codes  for  AZ ,  EL-1  and  EL-2, 
but  each  utilizes  the  maximum  bandwidth  available  to  provide 
guidance  accuracy  and,  of  course,  each  individual  function 
has  the  same  code  at  all  airport  configurations.  The  frequency 
codes  were  chosen  such  that  a  multiple  of  whole  numbers  can  be 
usea  in  going  from  one  code  to  another.  This  requirement  is 
added  tc  simplify  the  normalization  procedure  in  the  airborne 
processors.  These  codes  are: 

Az :  333-1/3  Hz  per  degree 

BC  Az :  333-1/3  Hz  per  degree 

EL-1:  1000  Hz  per  degree 

EL-2  2000  Hz  per  degree 

Tone  Data  Format.  The  auxiliary  data  format  includes  a  functional 
identification  scheme  and  an  auxiliary  data  signal  format.  Both 
signals  are  transmitted  as  amplitude  modulation  on  a  reference 
carrier  by  multiple  tone  codes,  and  the  modulation  depths  of 
the  individual  tones  are  25  percent.  The  characteristics  of 
the  auxiliary  data  signal  is  such  that  during  the  first  300 
microseconds  a  reference  carrier  only  signal  is  transmitted 
followed  by  1.7  ms  of  all  applicable  AM  tones.  However, 
during  the  angle  guidance  transmission  only  the  function 
identif icatioi  AM  tones  are  transmitted. 
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We  have  adopted  a  different  function  identification  coding 
scheme  than  was  presented  by  SC-117.  The  purpose  of  the  change 
is  to  increase  the  integrity  of  the  function  identification 
tones.  The  Coding  scheme  adopted  has  two  salient  features 
that  increase  integrity:  (1'  identification  is  made  always 
using  an  odd  number  of  tones  A.  D.  C.  &  D;  and  (2)  two  tones 
are  changed  when  identifying  a  new  function.  This  coding  scheme 
is  summarized  in  figure  14-3. 

The  auxiliary  data  signal  format,  was  refined  from  that  suggested 
in  SC-117  and  the  Hazeltine  propo.-'-.il .  In  SC-117,  four  tones 
were  used  to  transmit  auxiliary  data,  but  all  tones  were  trans¬ 
mitted  from  the  A2  reference  antenna.  The  refined  format  retains 
all  the  information  in  the  SC-117  concept  but  places  two  tones 
on  AZ  and  two  on  EL-1.  This  approach  permits  the  use  of  only 
two  tones.  When  used  in  conjunction  with  the  AZ  and  EL-1  ident 
signals,  it  performs  the  function  of  the  original  four  tones. 

The  orgainziation  of  the  tone  cycle  is  shown  in  figure  14-4. 

It  consists  of  two  basic  formats;  a  Morse  Code  format  and  an 
Auxiliary  data  format.  The  Morse  Code  Format  is  transmitted 
with  an  "I"  letter  start  followed  by  the  Morse  code  one  character 
(mark  or  space)  per  AZ  function  time  by  modulating  tone  E. 

The  auxlia.'v  data  format  is  a  constant  word  which  consists  of  a 
10  bit  preamble  followed  by  four  15  bit  words.  Each  word 
contains  11  information  bits  and  4  bits  for  Hamming  Code 
dett  ction . 

On  the  EL-1  function  changing  data,  such  as  facility  status, 
wind  vector,  and  wind  shear,  are  transmitted  both  on  tones  E 
and  F .  In  this  way,  the  data  rate  of  these  functions  are 
increased  to  once  per  five  seconds.  This  approach  also  has 
an  integrity  feature  in  that  should  the  "E"  tone  generator 
fail,  one  information  can  still  be  derived  from  the  tone  F  EL-1 
signal . 
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Figure  14-3.  Tone  Data  Identification 
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Scan  Cycle.  The  scan  cycle  consists  of  several  time  multiplexed 
slots.  Each  slot  contains  format  followed  by  a  number  of  dual 
scan  pairs  of  the  angle  guidance  frequency  (multiscan)  and  a 
1  msecond  buffer  period.  This  total  period  is  called  a  function 
time  and  the  number  of  different  function  times  make  up  the 
scan  cycle. 

The  minimum  number  of  scans  per  function  time  is  related  to  the 
phase  cycling  granularity  reduction  and  power  requirements.  By 
using  two  successive  function  times  to  resolve  the  granularity 
with  phase  cycling,  a  relationship  16  times  the  Doppler  beam- 
width  (one  over  the  scan  time)  is  required  to  satisfy  granularity 
requirements  for  manual  control  operations. 

Relative  timing  between  functions  is  chosen  to  establish  a 
specific  function  length  for  each  function  (AZ,  EL-1,  etc.)  at 
all  facilities.  This  approach  permits  the  receiver  to  establish 
its  own  time  interval  which  reduces  the  complication  in  the 
division  process.  In  addition,  the  receiver  has  a  cross  check 
on  the  function  identification  (additional  integrity) .  The 
baseline  function  times  are  indicated  in  figure  14-1. 

DME  ■  The  signal  format  for  DME  is  virtually  unchanged  from  that 
described  in  SC-117.  The  only  refinement  was  in  the  inter¬ 
rogation  rate  requirements  as  a  result  of  the  studies  conducted 
during  the  TACD  program.  The  refined  interrogation  rates  are 
40  PPS  during  search  and  20  PPS  during  track. 

Integrity .  The  major  integrity  features  incorporated  in  the 
signal  format  have  been  indicated  in  figure  14-1.  They  include 
a  ground  test  signal  transmission,  odd  tones  for  function 
identification,  a  one  millisecond  buffer  time  after  each 
multiscan,  and  a  sidelobe  suppression  (SLS)  signal.  The  first 
three  features  were  mentioned  in  the  previous  paragraphs  so 
only  the  SLS  signal  is  discussed  here.  This  signal  is  an  AMed 
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signal  containing  the  A2  function  identification  and  tone  G 
and  is  transmitted  on  a  separate  antenna  during  the  same  time 
slot  as  the  AZ  function.  The  antenna  pattern  of  the  SLS  antenna 
is  a  cardiod  with  a  null  in  the  front  course.  Upon  detection 
of  this  combination  of  signals  the  AZ  data  is  not  processed. 
Confusion  in  the  front  AZ  course  does  not  exist  since  the  SLS 
signal  is  less  than  the  AZ  signal  in  this  region  and  the  dynamic 
tone  detection  threshold  in  the  receiver  would  discriminate 
against  this  tone  G  signal. 

Summary.  The  above  discussion  can  be  summarized  in  a  time- 
frequency  diagram  which  indicates  the  spectrum  utilized  for  each 
element  of  the  scan  cycle.  Figure  14-5  shows  the  baseline 
format  for  configuration  D  ground  stations  and  figure  14-6 
shows  the  baseline  format  for  a  configuration  K  ground  station. 

1.1. 5. 2  FORMAT  GROWTH  POTENTIAL 

The  major  areas  in  which  growth  is  envisioned  for  MLS  are: 

o  to  provide  larger  antenna  apertures 

o  to  provide  360  degree  AZ  coverage 

o  to  provide  additional  auxiliary  data  words  and 

o  to  permit  additional  functions  to  be  added  to  the 

TDM  scan  cycle. 

Features  for  each  of  the  above  growth  areas  are  included  in 
the  signal  format  and  are  summarized  in  figure  14-7.  Larger 
antennas  require  longer  scan  times  which  reduces  the  number 
of  scans  per  multiscan.  At  first  glance  it  appears  as  though 
the  granularity  is  increased.  However,  since  granularity  is 
related  to  the  Doppler  beamwidth  (one  over  the  scan  time) ,  as 
the  aperture  size  increases  the  Doppler  beantwidth  decreases  so 
granularity  is  not  increased. 
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Figure  14-7.  Signal  Format  Growth  Features 
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360  degrees  coverage  in  A2  is  accommodated  by  locating  the 
angle  sideband  frequency  at  100  kHz  {  this  reduces  spectral 
control  requirements  when  considering  tone  contamination) 
and  scanning  half  of  a  360  circular  array  in  one  time  slot 
(AZ)  and  the  other  half  of  the  array  in  another  time  slot  (BC 
AZ)  .  In  this  way  angle  coding  and  the  corresponding  angle 
frequency  bandwidth  need  only  cover  +90  degrees  during  any  one 
transmission . 

The  ability  to  send  more  auxiliary  data  is  provided  on  tones 
E  and  F  where  a  30  bit  growth  word  can  be  accommodated. 

In  addition,  users  that  require  EL-l/H  and  EL-2  angle  guidance 
can  have  special  auxliary  data  words  added  to  the  EL-l/H  and 
EL-2  reference  antennas  and  decode  these  words  in  the  receiver. 
This  technique  does  not  interfere  with  other  messages,  since 
the  receiver  must  decode  the  function  before  determining 
what  the  auxiliary  word  represents. 

In  addition  to  the  above  features,  a  time  slot  is  left  vacant 
in  the  scan  cycle  at  all  facilities  for  growth  potential.  One 
possible  use  for  this  time  slot  is  one  way  DME  growth  potential 
and  antoher  is  to  permit  a  Time  Ordered  Ranging  System  (TORS). 


